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A b s t r a c t
C irc a d ia n  rhy thm s o f  hormone s e c r e t i o n  and  r e s p o n s iv e n e s s  to  
horm ones w ere exam ined in  th e  g u l f  k i l l i f i s h .  The f in d in g s  p ro v id e  
a d d i t i o n a l  in fo rm a tio n  to  s u p p o r t  th e  h y p o th e s is  t h a t  r e p r o d u c t iv e ,  
m e ta b o lic  and  b e h a v io r a l  a c t i v i t i e s  a r e  r e g u la te d  i n  p a r t  by  a  te m p o ra l 
i n t e r a c t i o n  o f  c i r c a d i a n  rh y th m s. T hese f in d in g s  in c lu d e :
1 . D a ily  i n j e c t i o n s  o f  d ru g s  t h a t  in f lu e n c e  s e r o to n e r g ic  (5 - 
h y d ro x y try p to p h a n , 5-HTP) and  d o p am in erg ic  (d ih y d ro x y p h e n y la la n in e ,
DOPA) a c t i v i t i e s  in d u c e  c o n d i t io n s  a p p r o p r ia te  to  e i t h e r  summer o r  
w in te r ,  and can  d e te rm in e  th e  m anner i n  w hich a  f i s h  r e a c t s  
r e p r o d u c t iv e ly  and  m e ta b o l i c a l ly  to  w a te r  te m p e ra tu re ,  th e  m ain 
e n v iro n m e n ta l d e te rm in a n t .
2 . T ry p to p h a n -e n r ic h e d  d i e t s  s t im u la te d  in c r e a s e s  i n  p lasm a 
t r i io d o th y r o n in e  and  som atom edin-C  l e v e l s ,  d r a m a t ic a l ly  s t im u la te d  
grow th  and  a l t e r e d  th e  c i r c a d i a n  rhy thm s o f  p la sm a c o r t i s o l  and 
th y ro x in e  c o n c e n t r a t io n s .  T ry p to p h an  p ro b a b ly  e x e r t s  i t s  m a jo r e f f e c t s  
by  a c t in g  on th e  n e u ro e n d o c rin e  sy stem .
3 . P r o l a c t i n  and  grow th  hormone i n j e c t i o n s  a t  s e v e r a l  tim e s  o f  day 
in d u ce  v a r i a b l e  som atom edin-C  and th y r o id  hormone re s p o n s e s  a s  a 
f u n c t io n  o f  th e  tim e  o f  day  th e  i n j e c t i o n s  w ere made, th e  tim e  o f  b lo o d  
sam p lin g  and  th e  hormone a s s a y e d . The te m p o ra l i n t e r a c t i o n  o f  c i r c a d ia n  
s t im u lu s  and  re s p o n s e  rh y th m s, e s p e c i a l l y  p r o l a c t i n ,  may w e ll  have m ajo r 
r o l e s  i n  s u p p o r t in g  ch an g in g  com plexes o f  p h y s io lo g ic a l  and b e h a v io r a l  
c o n d i t io n s  a s s o c ia t e d  w ith  s e a so n .
v
4 . T h ere  w ere m arked d a i ly  v a r i a t i o n s  i n  p la sm a th y r o id  and 
s t e r o i d  horm one c o n c e n t r a t io n s  i n  m ale and  fem a le  g u l f  k i l l i f i s h  sam pled  
a t  3 s e p a r a t e  days d u r in g  th e  s e m ilu n a r  spaw ning c y c le :  a t  th e  GSI p eak , 
a t  m id c y c le  and  a t  one day  p r i o r  t o  th e  GSI p e a k . The p h a se s  o f  m ost o f  
th e  horm one rhy thm s d i f f e r e d  d u r in g  th e  c y c le  i n d i c a t i n g  p o s s ib le  
c i r c a d i a n  n e u ro e n d o c rin e  o r g a n iz a t io n  o f  th e  c y c le .
v i
I n t r o d u c t io n
The g u l f  k i l l i f i s h ,  Fundulus g r a n d i s . u n d erg o es  an  a n n u a l c y c le  o f  
r e p r o d u c t iv e ,  m e ta b o lic  and  b e h a v io r a l  c o n d i t io n s  (G u n te r , 1945; P e r r e t  
e t  a l . .  1971; F iv iz z a n i ,  1977; Waas and  S traw n , 1983; s e e  end  o f  
d i s s e r t a t i o n  f o r  r e f e r e n c e s ) . In  l a t e  f a l l  and  w in te r ,  th e  r e p ro d u c t iv e  
sy stem  b e g in s  to  d ev e lo p  i n  p r e p a r a t io n  f o r  spaw ning  in  s p r in g  and 
summer. D uring  th e  summer, th e  g u l f  k i l l i f i s h  u n d erg o es  9 -10  se m ilu n a r  
spaw ning  c y c le s  w ith  p e r io d s  a p p ro x im a tin g  1 3 .7  days (H siao  and M eie r, 
1986; 1 9 8 8 ). The gonads r e g r e s s  i n  e a r l y  f a l l .  Body f a t  s t o r e s  a p p e a r  
to  v a ry  d i r e c t l y  w ith  th e  developm ent and  r e g r e s s io n  o f  th e  r e p ro d u c t iv e  
sy s tem . D uring  w in te r ,  th e  g u l f  k i l l i f i s h  o c c u r i n  and  s e l e c t  w a te rs  o f  
r e l a t i v e l y  h ig h  s a l i n i t i e s ,  w hereas i n  th e  summer th e y  a r e  found  in  and 
s e l e c t  w a te r s  o f  r e l a t i v e l y  low s a l i n i t i e s  ( F iv iz z a n i  and M e ie r , 1978).
The a n n u a l c y c le  o f  th e  g u l f  k i l l i f i s h  i s  r e g u la te d  by  exogenous as  
w e l l  a s  endogeous f a c t o r s . W ater te m p e ra tu re  i s  th e  p r i n c i p a l  
e n v iro n m e n ta l e n t r a i n e r  a l th o u g h  d a y le n g th  h as  c o n t r ib u to r y  in f lu e n c e s  
( F iv iz z a n i ,  1977; Weld and  M eie r, 19 8 3 ). T hroughou t th e  y e a r ,  f i s h  k e p t  
in d o o rs  c o n t in u e  to  e x h i b i t  s e a s o n a l  changes i n  r e s p o n s iv e n e s s  to  th e  
en v iro n m en t ( s e a s o n a l i t y )  i n d i c a t i n g  th e  p re s e n c e  o f  an  endogenous 
r e g u la to r y  m echanism  f o r  s e a s o n a l  c o n d i t io n s .  I t  i s  b e l ie v e d  t h a t  th e  
m e ta b o lic  and  r e p r o d u c t iv e  e f f e c t s  o f  b o th  exogenous and endogenous 
t im e r s  in v o lv e  an  i n t e r a c t i o n  o f  c i r c a d i a n  n e u ro e n d o c rin e  o s c i l l a t i o n s  
and  t h e i r  e x p re s s io n s  (M eier e t  a l . , 1978; M eie r, 1985 ). I t  i s  
h y p o th e s iz e d  t h a t  te m p o ra l sy n e rg ism  o f  th e s e  o s c i l l a t i o n s  and  t h e i r
v i i
e x p re s s io n s  c o o rd in a te  b e h a v io r  and  m e tab o lism  to  p ro d u ce  s e a s o n a l ly  
a p p r o p r ia te  b e h a v io r a l ,  m e ta b o lic  and  r e p r o d u c t iv e  c o n d i t io n s .
In  th e  p r e s e n t  s t u d i e s , th e  c i r c a d i a n  n e u ro e n d o c rin e  o r g a n iz a t io n  
o f  s e a s o n a l i t y  and  th e  s e m ilu n a r  c y c le  w ere exam ined  in  th e  g u l f  
k i l l i f i s h .  D a ily  rhythm s o f  hormone re s p o n s iv e n e s s  and  p lasm a hormone 
c o n c e n t r a t io n s  i n  a s s o c i a t i o n  w ith  s e a s o n a l  c o n d i t io n s  w ere a l s o  
d e te rm in e d  to  t e s t  f u r t h e r  w h e th e r m e tab o lism  i s  i n  p a r t  r e g u la te d  by  an 
i n t e r a c t i o n  o f  e n d o c r in e  rh y th m s. An u n d e r s ta n d in g  o f  su ch  a  sy stem  
c o u ld  have im p o r ta n t p r a c t i c a l  b e n e f i t s  f o r  r e g u la t i n g  g row th  and 
r e p ro d u c t io n  in  t e l e o s t  f i s h e s .
v i i i
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CHAPTER 1
Tem poral V a r ia t io n s  i n  G onadal and  Body F a t  R esponses to  D a ily  
I n j e c t i o n s  o f  5 -H y d ro x y try p to p h an  (5-HTP) and D ih y d ro x y p h e n y la la n in e  
(DOPA) in  th e  G u lf  K i l l i f i s h ,  F undu lus g ra n d is
1
TH E JO U R N A L OF EXPERIM ENTAL ZOOLOGY 233:29-34 (1985)
Temporal Variations in Gonadal and Body Fat Responses to 
Daily Injections of 5-Hydroxytryptophan (5-HTP) and 
Dihydroxyphenylalanine (DOPA) in the Gulf Killifish, 
Fundulus grandis
ARNIL C. EMATA, ALBERT H. MEIER, a n d  RICHARD E. SPIELER 
Department o f  Zoology and  Physiology, Louisiana State University,
Baton Rouge, Louisiana 70803
ABSTRACT  Daily injections of dihydroxyphenylalanine (DOPA), a dopa­
mine precursor, stimulate large increases in reproductive and body fat indices 
in gulf killifish, Fundulus grandis, when given 20 hours after daily injections 
of 5-hydroxytryptophan (5-HTP), a serotonin precursor. However, DOPA injec­
tions are inhibitory when given 8 hours after 5-HTP. The drug effects persist 
for at least 3 weeks following drug treatment indicating a possible resetting of
an endogenous mechanism involved in
The phase relations of the circadian 
rhythms of corticosteroid hormone and pro­
lactin vary predictably with the physiologi­
cal and behavioral condition of the animal 
(Meier, ’75). In the gulf killifish, Fundulus 
grandis, undergoing fattening and gonadal 
recrudescence, the daily peak of plasma pro­
lactin concentration occurs at the same time 
(8 hours after light onset) as the plasma cor­
tisol peak. However, in lean fish with re­
gressed gonads, the prolactin peak occurs 16 
hours later (at light onset) (Garcia and Meier, 
’73; Srivastava and Meier, ’72; Spieler et al., 
’78). Furthermore, daily injections of these 
hormones a t times of peak concentrations 
found in fish in different reproductive and 
metabolic conditions can produce the appro­
priate parallel conditions. Thus, in the gulf 
killifish, Fundulus grandis, injections of pro­
lactin 16 hours after daily injections of corti­
sol reduce body fat stores and reproductive 
indices whereas simultaneous injections pro­
mote increases in both variables (Meier et 
al., ’78b).
It was proposed that the hormonal effects 
are indirect by way of their influences on 
serotoninergic and catecholaminergic activi­
ties in the brain (Meier et al., ’78a). If this 
assessment is accurate, then timed daily 
stimulation of serotoninergic and catecho­
laminergic activities by injections of chemi­
cal precursors should also have time- 
dependent influences on the physiological 
and behavioral condition of an animal. Ac-
seasonality.
cordingly, we have examined the effects that 
5-hydroxytryptophan (5-HTP), a precursor for 
serotonin, and dihydroxyphenylalanine 
(DOPA), a precursor for dopamine, have on 
gonad weights and body fat stores in F. gran­
dis when injected in various temporal 
relations.
MATERIALS AND METHODS
Gulf killifish, Fundulus grandis, were pur­
chased from a commercial bait dealer on the 
Louisiana Gulf coast and maintained in out­
door holding tanks before experimentation 
indoors. Water salinity was maintained at 
3%o and the fish were fed.daily at random 
times with a commercial feed (Tetramin)
: prior to and throughout the experimental pe­
riod. Indoors, the fish were maintained in 20- 
gallon aquaria connected to a common bio­
logical filter to maintain equivalent water 
quality for all groups. Water temperature 
was 20 ± 1°C and light (250 lux) was contin­
uous (LL) during the acclimation and experi­
mental periods to avoid photoperiodic 
interference with entrainment by drug 
injections.
Gonad weights were obtained in all exper-- 
iments and expressed as a gonadosomatic in­
dex (GSI: gonad weight (gm)/body weight (gm) 
x 100). Body fat stores were also determined 
in gonad-free carcasses in experiments 3 and
Richard 13. Spieler's p resen t address is M ilw aukee Public Mu 
seuin, M ilwaukee, WI 53233.
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4 and expressed as a percentage of dry body 
weight. After drying to constant weight in a 
vacuum dessicator at 55°C, body fat was ex­
tracted with petroleum ether in a Soxhlet 
apparatus. The data were analyzed statisti­
cally with one-way analysis of variance (AN- 
OVA), Duncan’s multiple range test 
(Duncan’s MRT) and Student’s t where 
indicated.
Experiment 1
After 7 days of acclimation indoors, in LL 
during March, female F. grandis were di­
vided into six experimental groups and two 
untreated groups. Each fish in the six exper­
imental groups received 0.04 ml of combined 
drugs of 5-HTP (40 mg/ml), a-methyl-p-tyro- 
sine (a-MPT, 100 mg/ml), and paracholoro- 
phenylalanine (PCPA, 40 mg/ml) dissolved in 
0.65% saline. Each group also received a 
daily injection (i.p.) of DOPA (10 mg/ml of 
0.02 ml of 0.65% saline). The combined drugs 
were injected at 0900 in three of the six 
groups and at 2100 in the other three exper­
imental groups. DOPA was injected at 0900, 
1300, and 1700 so that they occurred at 0, 4, 
8, 12, 16, or 20 hours after the daily injec­
tions of 5-HTP, a-MPT, and PCPA. One un­
treated group was killed at the beginning of 
drug treatment (initial control); the other un­
treated group (final control) and the six ex­
perimental groups were killed on the day 
following 10 daily injections and examined 
for GSI. PCPA, an inhibitor of serotonin syn­
thesis, and a-MPT, an inhibitor of catechol­
amine synthesis, were provided to isolate the 
times of neurotransmitter synthesis to an in­
terval following injections of 5-HTP and 
DOPA: Later experiments demonstrate that 
this refinement is not necessary.
Experiment 2
Male F. grandis were obtained on October 
21 and brought indoors on October 30 where 
they were kept in LL for 2 weeks prior to the 
experimental period. Six experimental 
groups received daily injections (i.p.) of DOPA 
(35 mg/ml in 0.02 ml of 0.65% saline) for 10 
days at 0, 4, 8, 12,16, or 20 hours after daily 
injections of 5-HTP (35 mg/ml in 0.02 ml of 
0.65% saline) using the same schedule de­
scribed in experiment 1. Six other groups 
also received saline injections (0.02 ml) twice 
each day in six different temporal relations 
to serve as controls. Additional groups served 
as untreated controls (initial and final). All 
fish except the initial untreated were killed
on the day following the last injections and 
examined for GSI.
Experiment 3
Male F. grandis obtained on October 21 
were brought indoors on November 29 and 
acclimated for 2 weeks in LL. Two experi­
mental groups received an 8-hour relation of 
drug injections (DOPA at 8 hours after 5- 
HTP injections) and a 20-hour relation of 
drug injections (DOPA at 20 hours after 5- 
HTP injections) for 10 days as in experiment
2. Two other groups received 8-hour and 20- 
hour relations of saline injections and one 
group was sacrificed at the onset of treat­
ment (initial control). GSI and body fat stores 
(lipid indices) were obtained as described 
previously.
Experiment 4. .
Male F. grandis were obtained on February 
14 and brought indoors on March 26 where 
they were acclimated on LL for 3 weeks prior 
to experimental treatment. Two groups re­
ceived daily DOPA injections 8 hours after 5- 
HTP (8-hour group) or 20 hours after 5-HTP 
(20-hour group) according to procedures out­
lined in experiment 2. One group remained 
untreated. One day following ten daily injec­
tions, a portion of each group was killed and 
the remainder were maintained for another 
3 weeks on LD 13:11, when they were also 
killed for determinations of GSI and body fat 
stores. The gonads were fixed with Bouin’s 
fluid after weighing, wax-embedded, sec­




The GSI of untreated females increased 
during the time they were maintained at 
20°C from an initial value of 0.52 + 0.05 to 
a final value of 0.82 ± 0.06 (Table 1). This 
increase might be expected during the recru- 
descent phase in early spring (March), when 
this study was conducted. The GSI also var­
ied among the experimental groups as a 
function of the times of injection (P < .05, 
ANOVA). The highest GSI value (0.75 ± 0.06) 
in the 20-hour group was equivalent to the 
final untreated group whereas the lowest 
value (0.50 ± 0.05) in the 0-hour group was 
equivalent to the initial untreated GSI. The 
GSI of the 4-, 8-, and 16-hour groups were 
also similar to the initial untreated control 
and were suppressed compared with the final
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TA B LE  1. Temporal synergism  o f  5-H TP and DOPA in 
the regulation o f  the gonadosom atic index o f  female 
F un d u lu s grand is  (experim ent 1)
D aily  DOPA injections 
(hours a fte r 5-HTP)1 n2
Gonadosomatic
index3
0 12 0.50 ± 0.174
4 12 0.57 + 0.05
8 10 0.60 ± 0.06
12 10 0.67 ± 0.05
16 11 0.55 ± 0.06
20 10 0.75 + 0.065
In itia l un trea ted 9 0.52 ± 0.05
F in a l un trea ted 5 0.82 ± 0.06s
lF.grattdis were m ain ta in ed  on continuous light a t  20°C and 
received ten  daily  injections of DOPA a t six different intervals 
following 5-HTP, parachlorophenylalanine, and methyi-p- 
tyrosine injections.
2N um ber of fish sam pled.
3Gonad weight/body w eigh t x  100 (£ ± S.E.).
E x p e rim en ta l groups vary  significantly  (P <  .05, ANOVAt. 
5Differ from in itia l controls (P <  .05, S tuden t's  t).
untreated control (P < 0.5,Student’s t). Ap­
parently, injections of DOPA at most times 
relative to 5-HTP, PCPA, and a-MPT injec­
tions are inhibitory for GSI increase except 
for the 20-hour relation (DOPA injections 20 
hours after 5-HTP and other drugs) and pos­
sibly the 12-hour relation.
Experiment 2
The GSIs of untreated male F. grandis were 
low in October as expected and did not vary 
during the experimental period (initial un­
treated: 0.11 + 0.01; final untreated: 0.12 ± 
0.03). Saline injections in six different tem­
poral relations had no apparent influence on 
GSI (0.15 + 0.01). However, the GSI of drug- 
injected fish did vary markedly as a function 
of the time of DOPA injections relative to 
daily injections of 5-HTP (P < .05, ANOVA). 
Lower values occurred in the 4-, 8-, and 12- 
hour groups and higher values were found in 
the 16- and 20-hour groups. The largest GSI 
(0.29 ± 0.04) in the 20-hour group was about 
2 to 3 times greater than those of the un­
treated groups, the six saline-injected groups, 
as well as the 4-, 8-, and 12-hour experimen­
tal groups (Fig. 1).
Experiment 3
The GSIs of untreated male F. grandis were 
low in November, as in October (experiment 
2), and did not change during the experimen­
tal period (initial: 0.09 ± 0.02; final: 0.12 ± 
0.04). Injections of 5-HTP and DOPA in a 20- 
hour relation induced large increases in GSI 






L - D O P A  I n j e c t i o n s  ( H o u r s  a f t e r  G - H T P )
Fig. 1. V ariable reproductive gonadosomatic index 
(GSI) responses to ten  daily injections of 5-HTP and 
DOPA given in six different re la tions to male"/1; grandis 
in November (exp. 2.). I.U..GSI of un trea ted  fish at b e­
ginning of treatm ent; F.U., f in a l u n trea ted  v a lu e .
the 8-hour experimental group (0.12+ 0.01) 
and the 8-hour (0.16 + 0.02) and 20-hour 
(0.17 + 0.02) saline-injected group (P < .05, 
Duncan’s MRT) (Table 2).
Body fat stores also varied with the treat­
ment (Table 2). Initial untreated (9.90 ± 
1.80% body weight), 8-hour saline-injected 
(8.68 + 0.99), and 20-hour saline-injected 
(8.28 + 0.78) groups all had similar levels of 
body fat. However, the fat stores of the 20- 
hour experimental group (12.40 + 1.90) were 
greater (P < .05, Student’s t) than those of 
the 20-hour saline (8.28 ± 0.78) or the 8-hour 
experimental group (6.43 ±. 1.01).
- Experiment 4
: The GSI of the untreated male F. grandis 
maintained at 20°C throughout the experi­
mental period was high at the end of the 
injection period (0.34 + 0.05) as well as 3 
weeks later (0.32 ± 0.03) (Fig. 2). This was 
expected as the experiment was carried out 
in April at the peak of the natural spawning 
period. The 8-hour relation of 5-HTP and 
DOPA severely suppressed (P < .05, Stu­
dent’s t) the GSI observed immediately after 
the injections were terminated (0.16 ± 0.08) 
and 3 weeks later (0.11 ± 0.01). Histological 
sections of the regressed testes indicated that 
the cells were in the primary spermatogonia 
stage. The 20-hour relation did not change 
the GSI observed after the injections (0.32 + 
0.05) and 3 weeks later (0.35 ± 0.03) com­
pared with untreated controls. The testes
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TA B L E  2. Temporal synergism o f  5 -H TP  a n d  DOPA on 
gonadosom atic and fa t indices in male F un d u lu s grandis  




Daily DOPA in jections1 
(hours a fte r  5-HTP)
8 18 0.12 ± 0.01 6.43 ±  1.00
20 18 0.32 ± 0.046 12.40 ±  1.907
Daily sa lin e  injections2 
(hours a fte r saline)
8 24 0.16 ± 0.02 8.68 ±  0.99
20 24 0.17 + 0.02 8.28 +  0.78
Initia l u n trea ted 4 0.09 ± 0.02 9.90 ±  1.80
X,2F. grand is  w ere m ain ta ined  on continuous ligh t a t  20°C and given ten daily  
injections o f e ith e r 5-H T P1 or saline  2 and eight daily  injections o f e ith e r DOPA1 
or sa line2.
nNo. of fish sam pled.
4Gonad w eight/body w eight x 100(S ± S.E.l.
5Body fa t (% dry wcightXS ± S.E.).
6DifTers (P <  .05, S tu d e n t’s t) from all other groups.





Fig. 2. Vaviable reproductive (GSI) responses to ten 
daily injections of 5-HTP and DOPA given in  two differ­
en t relations to m ale F. grandis  in April (exp. 4). GSI 
values were obtained 1 day (dotted bars) and 3 weeks 
(open bars) following injections. '
were better developed in the 20-hour rela­
tion. There were numerous cysts and a 
marked increase in the size and zone of germ 
cell proliferation. The testes of the untreated 
controls were similar histologically to those 
of the 20-hour experimental group.
DISCUSSION
Injections of 5-HTP and DOPA have potent 
stimulatory or inhibitory influences on gonad 
weights in F. grandis. In reproductively re­
gressed males in the fall (Fig. 1), DOPA injec­
tions at 20 hours after 5-HTP injections can
elicit a sharp increase in GSI, reaching levels 
found during the peak of the spawning pe­
riod (Fig. 2) within ten daily injections. On 
the other hand, in reproductively developed 
male fish in spring (Fig. 2), DOPA injections 
at S hours after 5-HTP injections caused a 
loss in GSI reaching levels equivalent to 
those found in reproductively regressed 
males in the fall (Fig. 1). In addition, a 20- 
hour relation of drug injections has stimula­
tory influences on fat stores whereas an S- 
hour relation does not.
Similar results have been obtained by 
timed daily injections of cortisol and prolac­
tin. Prolactin injections given 16-24 hours 
after cortisol injections in F. grandis kept in 
LL stimulated increases in body fat stores 
whereas prolactin injections at 8 and 12 
hours after cortisol were ineffective (Meier et 
al., ’71). In addition, the 0-hour relation of 
cortisol and prolactin injections was stimula­
tory for GSI whereas other time relations 
were ineffective (Fivizzani, ’77).
Both timed injections of hormones (cortico­
steroid and prolactin) and drugs (5-HTP and 
DOPA) also influence fat stores and repro­
ductive indices in the white-throated spar­
row Zonotrichia albicollis (Meier et al., 78a; 
Meier and Ferrell, '78; Miller and Meier, 
’83a,b). It was shown that daily injections in 
specific relations can reset the annual cycle 
in the sparrow so that reproductive and mi­
gratory indices appropriate for spring could 
be induced during late summer. Under nat­
ural conditions, the reestablishment of pho­
tosensitivity to increasing day lengths in 
spring requires 6-8 weeks of short day-
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lengths (<12 hours light). A similar reset­
ting of seasonal responsiveness to daylength 
has recently been accomplished by timed 
drug injections in the Syrian hamster (Wil­
son and Meier, submitted).
It was proposed that both hormones and 
drugs act on serotoninergic and catecholamin- 
ergic neurons to set the phase relations of 
the circadian neuroendocrine oscillations 
that constitute a seasonal or annual clock 
(Meier et al., ’78a). A temporal synergism of 
the two oscillations and their circadian 
expressions (including the circadian rhythms 
of corticosteroid and prolactin) produce a 
complex of related physiological and be­
havioral conditons. The relations of the two 
oscillations are determined by exogenous 
factors such as daylength and by an endoge­
nous mechanism that accounts for seasonal 
changes in the interpretation of the environ­
ment.
Cortisol and 5-HTP can both stimulate the 
synthesis of serotonin in mammals. Cortisol 
stimulates the activity of tryptophan hydrox­
ylase, a rate-limiting enzyme in. serotonin 
synthesis that converts tryptophan to 5-HTP 
(Sze et al., ’76; Telegdy and Vermes, ’75). 
Injections of 5-HTP increase brain serotonin 
(Ternauz et al., ’75). Similarly, both prolactin 
and DOPA stimulate the synthesis of dopa­
mine. DOPA, like 5-HTP, passes the blood- 
brain barrier and is the immediate precursor 
for the synthesis of dopamine (Shindo et al., 
’73). The action of prolactin on dopamine syn­
thesis is believed to be on tyrosine hydroxyl­
ase, the rate-limiting enzyme for dopamine 
synthesis (Moore et al., ’80) or on the alpha- 
aromatic decarboxylase (DOPA decarboxyl­
ase), which converts DOPA to dopamine 
(Hokfelt and Fuxe, ’72; Wiesel et al., ’78; 
Miller and Meier, ’83 a).
The present results with F grandis are 
interpretable in a similar manner. That is, 
timed drug treatment may reset an endoge­
nous seasonal mechanism. The 20-hour rela­
tion of 5-HTP and DOPA sets the circadian 
neuroendocrine oscillations in a pattern 
characteristic of spring when water temper­
ature of 20°C is stimulatory for gonadal 
growth and fat stores. The 8-hour relation 
establishes a pattern characterstic of late 
summer and fall when 20 °C is not stimula­
tory. The possibility that timed drug treat­
ment resets the seasonal mechanism is 
supported by the persistence of the inhibitory 
effects of the 8-hour relation for 3 weeks fol­
lowing drug treatment (Figs. 2,3). Thus, reg­
ulation of gonadal growth and fattening in F.





8 -hr on  2 0 - h f  K t l i t i o o
Fig. 3. Variable body fat responses to ten daily injec­
tions of 5-HTP and DOPA given in two different re la ­
tions to m ale F. grandis  in April (exp. 4). Lipid indices 
w ere obtained 1 day (dotted bars) and 3 weeks (open 
bars) following injections.
grandis results from a temporal interaction 
of the neuroendocrine oscillations.
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CHAPTER 2
I n c r e a s e d  T ry p to p h an  in  Feed S t im u la te s  Growth and G row th-P rom oting  
Hormones i n  th e  G u lf  K i l l i f i s h ,  Fundu lus g ra n d is
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A b s t r a c t
Growth r a t e s  and  p lasm a c o n c e n t r a t io n s  o f  g ro w th -p ro m o tin g  horm ones 
(som atom edin-C  and  th y r o id  horm ones) w ere exam ined i n  m ale g u l f  
k i l l i f i s h  g iv e n  norm al o r  try p to p h a n -e n h a n c e d  d i e t s  f o r  2 -week p e r io d s  
d u r in g  s p r in g  and  summer m o n th s . Among th e  c o n t r o l s , s e a s o n a l  
v a r i a t i o n s  i n  p lasm a l e v e l s  o f  Sm-C, T3  and  T4  w ere d i r e c t l y  r e l a t e d  
w ith  g row th . T ry p to p h an -en h an ce d  d i e t s  in c re a s e d  p lasm a T3  and  Sm-C 
le v e l s  and  d r a m a t ic a l ly  s t im u la te d  grow th  r a t e s  (a b o u t 2  t im e s )  i n  a l l  
m onths exam ined . T ry p to p h an -en h an ce d  d i e t s  a l t e r e d  th e  c i r c a d ia n  
rhy thm s o f  p la sm a c o r t i s o l  and T^ in  a s s o c i a t i o n  w ith  in c r e a s e d  g row th , 
s u p p o r t in g  th e  h y p o th e s is  t h a t  m e tab o lism  i s  r e g u la te d  i n  p a r t  by  a 
te m p o ra l i n t e r a c t i o n  o f  c i r c a d i a n  sy s te m s . D o se -d ep en d en t s tu d ie s  
in d i c a te d  t h a t  th e  lo w e s t dose  o f  t ry p to p h a n  ( 2 . 1 % o f  th e  d a i ly  fe e d  
in ta k e )  to  ca u se  s i g n i f i c a n t  in c r e a s e s  in  g row th  r a t e s  was w e ll  ( 6 - 
f o ld )  above th e  am ount n a t u r a l l y  a v a i l a b l e  to  f u l f i l l  n u t r i t i o n a l  
r e q u ire m e n ts .  T ry p to p h an  p ro b a b ly  e x e r t s  i t s  m ajo r e f f e c t s  by a c t in g  on 
th e  n e u ro e n d o c rin e  sy stem .
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I n t r o d u c t io n
Growth o f  f i s h e s  v a r i e s  w ith  n u t r i t i o n ,  s e a so n  and  e n v iro n m e n ta l 
c o n d i t io n s  ( B r e t t ,  19 7 9 ). Growth i s  r e g u la te d  by  s e v e r a l  horm ones, 
in c lu d in g  th y r o id  horm ones, g row th  hormone and som atom edins (D onaldson  
e t  a l . . 1979; D aughaday, 1981; K ap lan , 1982; H a ll  and  S a ra , 19 8 3 ). 
S e a so n a l changes i n  g row th  r a t e s ,  w hich i s  common among t e l e o s t  f i s h e s  
( S w if t ,  1961; E r ik so n  and L u n d q v is t , 1982; McCormick and  Naim an, 1984; 
M archan t and  P e te r ,  1986; J o b l in g ,  1 9 8 7 ), i s  due i n  p a r t  to  changes in  
d a y le n g th  and te m p e ra tu re  (S w if t ,  1961; G e rk in s , 1966; A delm an, 1977; 
K ayes, 1 9 7 7 ). However, th e r e  a r e  a l s o  e v id e n c e s  o f  s e a s o n a l  changes in  
m e tab o lism  even  when d a y le n g th  and te m p e ra tu re  a r e  h e ld  c o n s ta n t  (M eier 
e t  a l . , 1978; M e ie r, 19 8 5 ). I f  th e  b a s i s  f o r  su ch  s e a s o n a l  changes in  
r e s p o n s iv e n e s s  to  th e  en v iro n m en t ( s e a s o n a l i t y )  w ere known, more 
e f f e c t i v e  m ethods f o r  en h a n c in g  grow th  m ig h t be fo r th c o m in g .
R ece n t s tu d ie s  o f  S y r ia n  h a m ste rs  d e m o n s tra te d  t h a t  t ry p to p h a n  may 
have  an  im p o r ta n t r o l e  i n  r e g u la t in g  th e  a n n u a l c y c le .  The l e v e l s  o f  
t ry p to p h a n  v a r i e d  s e a s o n a l ly  i n  th e  b lo o d  p lasm a and a n t e r i o r  
h y p o th a la m ic  n u c l e i  (W ilson  and  M eie r, u n p u b lish e d  r e s u l t s ) ,  and 
a d d i t i o n  o f  t ry p to p h a n  to  th e  d i e t  d r a m a t ic a l ly  a l t e r e d  th e  s e a s o n a l  
m e ta b o lic  and  r e p r o d u c t iv e  re s p o n s e s  to  d a y le n g th  (W ilson  and M eie r, 
1 9 8 2 ). T ry p to p h an  a l s o  a l t e r e d  th e  p h a s e s  and  a m p litu d e s  o f  c i r c a d i a n  
horm one rhy thm s (W ilson  and  M eie r, u n p u b lis h e d  r e s u l t s ) ,  w hich  a r e  
th o u g h t to  be  s ig n a l s  o f  c i r c a d ia n  n e u ro e n d o c rin e  in v o lv em en t in  
r e g u l a t i n g  s e a s o n a l i t y  (M eie r, 1 9 8 5 )r"
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A c c o rd in g ly , i n  th e  p r e s e n t  s tu d y ,  th e  e f f e c t s  o f  a d d i t i o n a l  
t r y p to p h a n  i n  th e  d i e t  w ere t e s t e d  i n  th e  g u l f  k i l l i f i s h ,  Fundu lus 
g r a n d i s . r e s p e c t in g  g row th  r a t e s ,  g ro w th -p ro m o tin g  horm ones and 
c i r c a d i a n  rh y th m s. Changes i n  le n g th s  and  w e ig h ts  o f  f i s h  w ere u se d  to  
a s s e s s  g ro w th . P lasm a c o n c e n t r a t io n s  o f  th y r o id  horm ones and 
som atom edin-C  w ere exam ined a s  p o s s ib le  g ro w th -p ro m o tin g  horm ones. 
P lasm a c o n c e n t r a t io n s  o f  c o r t i s o l  and th y ro x in e  w ere d e te rm in e d  
th ro u g h o u t th e  day a s  i n d i c a t i o n s  o f  p o s s ib le  a l t e r a t i o n s  i n  c i r c a d ia n  
n e u ro e n d o c rin e  m echan ism s.
M a te r ia ls  and M ethods
M ale g u l f  k i l l i f i s h ,  F undulus g r a n d i s ,  w ere o b ta in e d  from  th e  
L o u is ia n a  G u lf  C o ast a t  s e v e r a l  tim e s  d u r in g  s p r in g  and  summer. The 
f i s h  w ere a c c l im a te d  f o r  2 -3  weeks b e f o r e  e x p e r im e n ta l  t r e a tm e n t  and 
h e ld  th ro u g h o u t i n  15- and  20- g a l lo n  a q u a r ia  c o n n e c te d  to  a  common 
b i o l o g i c a l  f i l t e r  and  c i r c u l a t i o n  sy stem . W ater te m p e ra tu re  was k e p t  a t  
20 + 1°C and  s a l i n i t y  a t  3 ° /o o . The d a i l y  p h o to p e r io d  was m a in ta in e d  a t  
LD 12 :12  w ith  l i g h t  o n s e t  a t  0800. F is h  w ere f e d  a t  random tim e s  o f  day 
w ith  com m ercia l f i s h  f l a k e s  (T e tra m in ) a t  a  r a t e  o f  3% o f  t o t a l  body 
w e ig h t /d a y .
S tu d y  1
Growth r a t e s  o f  g u l f  k i l l i f i s h  w ere d e te rm in e d  i n  M arch, May, Ju n e , 
J u ly  and  A u g u st. In  each  o f  th e  f i v e  e x p e r im e n ts , f i s h  w ere rem oved 
from  t h e i r  a q u a r ia  a f t e r  14 days o f  a c c l im a t io n  and im m ersed i n  0.01% 
t r i c a i n e  m e th a n e s u lfo n a te  (MS-222, Sigma) u n t i l  o p e r c u la r  movements had  
c e a s e d . A f te r  g e n t le  b l o t t i n g ,  i n i t i a l  body w e ig h ts  w ere o b ta in e d  and 
t o t a l  l e n g t h s , m easured  from  th e  t i p  o f  th e  sn o u t to  th e  en d  o f  th e  
c a u d a l  f i n ,  w ere d e te rm in e d  u s in g  a  V e rn ie r  c a l i p e r .  F is h  w ere 
i n d i v i d u a l l y  m arked f o r  i d e n t i f i c a t i o n  by f i n  c l ip p in g s  and  r e tu r n e d  to  
t h e i r  r e s p e c t iv e  a q u a r i a .
L - t ry p to p h a n  (Sigm a) was added  to  th e  com m ercial f i s h  f l a k e s  so 
t h a t  e ac h  f i s h  r e c e iv e d  a b o u t 5.33% o f  i t s  d a i l y  fo o d  r a t i o n  (3% o f  th e  
t o t a l  i n i t i a l  body w e ig h t)  a s  try p to p h a n .  T ry p to p h an  was d is s o lv e d  in
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50% e th a n o l  s o lu t i o n  and th e  s u sp e n s io n  was th e n  sp ra y e d  on th e  s u r f a c e  
o f  com m ercial f i s h  f l a k e s .  The fe e d  was th e n  a llo w e d  to  d ry  o v e rn ig h t  
u n d e r  a  hood to  e v a p o ra te  e x c e ss  e th a n o l  p r i o r  to  f e e d in g .  C o n tro l f i s h  
w ere g iv e n  com m ercial f i s h  f l a k e s  sp ra y e d  w ith  e th a n o l  o n ly . Feed  was 
p re p a re d  e v e ry  3 d a y s . F is h  w ere checked  d a i l y ,  any  m o r t a l i t y  was 
r e c o rd e d  and  th e  d a i ly  fo o d  r a t i o n  a d ju s t e d .  Each e x p e rim e n t c o n s i s te d  
o f  2 g ro u p s (20 -30  f i s h / g r o u p ) . One group  was g iv e n  th e  t ry p to p h a n -  
e n r ic h e d  d i e t  and th e  o th e r  was g iv e n  u n t r e a te d  f e e d  ( c o n t r o l )  a t  2 0 0 0 . 
The r a t i o n  a t  2000 co m p rised  75% o f  th e  d a i l y  fo o d  in t a k e .  A t random 
tim e s  o f  th e  day , b o th  g ro u p s r e c e iv e d  th e  re m a in d e r (25%) o f  th e  d a i ly  
fo o d  r a t i o n  in  th e  form  o f  u n t r e a te d  f e e d .
A f te r  2 weeks o f  e x p e r im e n ta l f e e d in g ,  su b g ro u p s o f  e q u a l num bers 
w ere rem oved from  t h e i r  a q u a r ia  e v e ry  4 to  6  h o u rs  th ro u g h o u t a  day 
b e g in n in g  a t  0400. S in ce  each  group (2 0 -3 0  f i s h )  ( t r y p to p h a n - f e d  and 
c o n t r o l s )  was h e ld  i n  a t  l e a s t  2  a q u a r ia ,  th e  su b g ro u p s  w ere removed 
a l t e r n a t e l y  to  m in im ize  d is tu r b a n c e  to  th e  re m a in in g  f i s h .  The f i s h  
w ere a n e s th e s iz e d  in  0.01% MS-222 and th e  f i n a l  w e ig h ts  and t o t a l  
le n g th s  w ere d e te rm in e d . B lood c o l l e c t i o n s  w ere made by  c a rd ia c  
p u n c tu re s  u s in g  h e p a r in iz e d  c a p i l l a r y  tu b e s .  The p lasm a was s e p a r a te d  
by  c e n t r i f u g a t i o n  and  s to r e d  f ro z e n  in  m ic ro fu g e  tu b e s  u n t i l  horm onal 
a n a l y s e s .
Growth r a t e s  w ere c a l c u l a t e d  u s in g  th e  fo llo w in g  e q u a t io n s :
L in e a r  Growth R ate  (LGR) -  ( f i n a l  le n g th  - i n i t i a l  le n g th )  (1 0 0 ) /  
( i n i t i a l  le n g th )  ( t )
w here t  i s  th e  number o f  days d u r in g  w hich  th e  e x p e rim e n t was co n d u c ted .
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S p e c i f i c  g row th  r a t e  (SGR) -  ( I n  f i n a l  w e ig h t - I n  i n i t i a l  w e ig h t)  
( 1 0 0 ) / ( t )
w here In  i s  th e  n a t u r a l  lo g a r i th m  o f  th e  f i n a l  and  i n i t i a l  w e ig h ts .  
C o n v e rs io n  e f f i c i e n c y  (CE) was c a l c u l a t e d  a s  th e  r a t i o  o f  t o t a l  body 
w e ig h t g a in e d  to  th e  t o t a l  d ry  w e ig h t o f  fe e d  g iv e n .
P lasm a t r i io d o th y r o n i n e  (T 3 ) and th y ro x in e  (T4 ) c o n c e n t r a t io n s  w ere 
a s s a y e d  u s in g  com m ercial s o l i d  p h ase  rad io im m unoassay  (RIA) k i t s  from  
R a d io a s sa y  System s L a b o r a to r ie s  (C arso n , CA). T hese k i t s  u t i l i z e  human 
p lasm a s ta n d a r d s  and  w ere th e r e f o r e  v a l id a t e d  b e fo re h a n d  f o r  th e  u se  o f  
f i s h  p la sm a . The f i s h  p la sm a s ta n d a rd s  w ere d ev e lo p e d  by  s t r i p p i n g  f i s h  
p la sm a o f  a l l  T3 , T4  and  s t e r o i d s .  T h is  was a c c o m p lish e d  by in c u b a t in g  
o v e r n ig h t  one ml o f  f i s h  p la sm a w ith  0.2% N o rit-A  c h a rc o a l  i n  an  ic e  
b a th .  F o llo w in g  c e n t r i f u g a t i o n ,  th e  r e s u l t i n g  p lasm a f r e e  o f  th y r o id  
horm ones and  s t e r o i d s  was s to r e d  f ro z e n .  S ta n d a rd  s o lu t i o n s  o f  5400
ng /m l T3  and  T4  w ere s e r i a l l y  d i l u t e d  to  p ro v id e  s ta n d a r d  sam ples o f  T3
and  T4  a t  v a r io u s  c o n c e n t r a t i o n s . Ten Hi  s ta n d a r d  sam ples w ere th e n  
added  to  290 jLll o f  s t r i p p e d  f i s h  p lasm a to  p ro v id e  th e  a p p r o p r ia te  
s ta n d a r d s  (0 , 1 , 2 , 4 , 8 , 16, 32 , 64 ng /m l T4 o r  T 3 ). The p re p a re d  f i s h  
and  human s ta n d a r d s ,  s u p p l ie d  w ith  th e  RIA k i t s ,  w ere in c lu d e d  w ith  th e  
ru n  o f  eac h  s e t  o f  sa m p le s . T h is  a l lo w s  f o r  a  co m p ariso n  o f  f i s h  and 
human s ta n d a r d s .  T here  w ere no a p p r e c ia b le  d i f f e r e n c e s  in  th e  f i s h  and 
human s ta n d a r d  c u r v e s . T3  and T4  l e v e l s  w ere n e v e r th e le s s  a l l  o b ta in e d  
from  th e  f i s h  s ta n d a r d  c u rv e s .  In  o rd e r  to  a s s a y  f o r  p lasm a T3  w hich
r e q u i r e s  100 /xl, th e  p la sm a from  4 f i s h  was p o o le d  ( a t  l e a s t  6  p o o ls  o f
p la s m a / t r e a tm e n t ) . Ten / i l  o f  p lasm a from  in d iv id u a l  f i s h  was u se d  f o r
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th e  a s s a y .  The s e n s i t i v i t i e s  o f  th e s e  a s s a y s  a s  p ro v id e d  by  th e  
m a n u fa c tu re r  w ere 0 .2 5  ng /m l and  1 .0  ng /m l f o r  T3  and  T^, r e s p e c t iv e l y .  
I n t r a -  and  in t e r a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n s  w ere l e s s  th a n  1 0 %.
P lasm a im m unoreac tive  som atom edin-C  (Sm-C) c o n c e n t r a t io n s  w ere 
d e te rm in e d  u s in g  a  h e te ro lo g o u s  RIA p ro c e d u re  d e v e lo p e d  f o r  u se  in  f i s h  
by Daughaday e t  a l .  (1985) and em ployed p r e v io u s ly  f o r  p la sm a o f  g u l f  
k i l l i f i s h  by W ilson  e t  a l .  ( i n  p r e s s ) .  The a n t is e ru m  (UBK-487) to  human 
Sm-C ( i n s u l i n - l i k e  grow th  f a c t o r - I )  was p ro v id e d  by NIH-NIAMDD. ^^S m - 
C was p u rc h a s e d  from  Amersham C orp. (A r l in g to n  H e ig h ts ,  I L ) .
Body f a t  was e x t r a c t e d  from  hom ogenized body c a r c a s s e s  w ith  
c h lo ro fo rm :m e th a n o l ( 1 :2 ,  v / v ) , a s  d e s c r ib e d  by B lig h  and  Dyer (1 9 5 7 ). 
Body f a t  s t o r e s  a r e  p r e s e n te d  a s  p e rc e n ta g e s  o f  w et body w e ig h t.
S tudy  2
The seco n d  s tu d y  c o n s i s te d  o f  two e x p e rim e n ts  c o n d u c te d  in  March 
and  A ugust fo l lo w in g  a  p r o to c o l  s im i l a r  to  t h a t  o f  S tu d y  1 . T here  w ere 
2 e x p e r im e n ta l  g ro u p s (30 f i s h /g r o u p )  o f  f i s h .  One g roup  was g iv e n  
t r y p to p h a n - e n r ic h e d  fe e d  (75% o f  th e  d a i ly  fo o d  r a t i o n )  a t  0800 (T- 
0800) and  no rm al d i e t  a t  2000 (20% r a t i o n ) .  A n o th e r g roup  was g iv e n  
no rm al d i e t  a t  0800 (20%) and  try p to p h a n -e n r ic h e d  d i e t  (75%) a t  2000 (T- 
2 0 0 0 ). T here  was one c o n t r o l  group  (30 f i s h )  f e d  w ith  no rm al d i e t  (95% 
o f  th e  d a i l y  fo o d  r a t i o n )  a t  0800 and 2000. A t a  random tim e  o f  day , 
a l l  g ro u p s  w ere f e d  w ith  no rm al d i e t  (5%) to  remove p o s s ib le  e n tra in m e n t 
w ith  tim ed  d a i l y  f e e d in g .  T h e re fo re ,  a l l  g ro u p s w ere f e d  a t  l e a s t  3 
t im e s  d u r in g  th e  day (0800 , 2 0 0 0  and a n o th e r  random tim e  o f  th e  day) f o r
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a  t o t a l  d a i l y  fo o d  in ta k e  o f  3% o f  th e  t o t a l  i n i t i a l  body w e ig h t.
B lood sam p les w ere o b ta in e d  a f t e r  2 weeks from  su b g ro u p s  (4 -5  
f i s h / s u b g r o u p / t r e a tm e n t )  e v e ry  4 h o u rs  d u r in g  a  day i n  o rd e r  to  exam ine 
p o s s ib le  d a i ly  v a r i a t i o n s  i n  p la sm a th y ro x in e  and  c o r t i s o l  
c o n c e n t r a t i o n s .  P lasm a T4  c o n c e n t r a t io n s  w ere d e te rm in e d  a s  i n  S tudy  1. 
P lasm a c o r t i s o l  c o n c e n t r a t io n s  w ere d e te rm in e d  u s in g  com m ercia l s o l i d  
p h a se  RIA k i t s  from  R a d io a s sa y  System s L a b o r a to r ie s  (C a rso n , CA). S in ce  
th e  c o r t i s o l  RIA k i t  u s e s  human p lasm a s ta n d a r d s ,  f i s h  p la sm a s ta n d a rd s  
w ere p re p a re d  a s  d e s c r ib e d  i n  th e  p r e p a r a t io n  o f  f i s h  p la sm a  T3  and  T4  
s ta n d a r d s .  A s ta n d a r d  s o l u t i o n  o f  1800 IMg/tal c o r t i s o l  was s e r i a l l y  
d i l u t e d  to  p ro v id e  1 0  / i l  s ta n d a r d  sam p les o f  c o r t i s o l  a t  v a r io u s  
c o n c e n t r a t i o n s .  Each 10 f i l  s ta n d a rd  sam ple was th e n  added  to  290 fJLl o f  
s t r i p p e d  f i s h  p la sm a to  p ro v id e  th e  a p p r o p r ia te  s ta n d a r d s  (0 , 25 , 50, 
100 , 250, 500 and  750 ng /m l c o r t i s o l ) .  The p re p a re d  f i s h  and  human 
s ta n d a r d s ,  s u p p l ie d  w ith  th e  RIA k i t s ,  w ere in c lu d e d  w ith  th e  ru n  o f  th e  
s a m p le s . T h is  a l lo w s  f o r  a  co m p ariso n  o f  f i s h  and  human s ta n d a r d s .  The 
s ta n d a r d  c u rv e s  w ere s i m i l a r  and  c o r t i s o l  l e v e l s  o f  a l l  sam p les w ere 
d e te rm in e d  from  th e  f i s h  s ta n d a r d  c u rv e s .  Ten 1 o f  p lasm a from  
in d iv id u a l  f i s h  was u se d  to  a s s a y  f o r  c o r t i s o l .  The RIA k i t  h ad  a 
s e n s i t i v i t y  o f  1  ng /m l a s  p ro v id e d  by th e  m a n u fa c tu re r  and  i n t r a -  and 
in t e r a s s a y  c o e f f i c i e n t s  o f  v a r i a t i o n s  w ere l e s s  th a n  10%. Body w e ig h ts  
and  le n g th s  w ere a l s o  o b ta in e d  a t  th e  b e g in n in g  and end  o f  th e  14 -day  
e x p e r im e n ta l  p e r io d ,  a s  i n  S tudy  1.
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S tu d y  3
The e f f e c t  o f  v a r io u s  t ry p to p h a n  d o ses  on g row th  r a t e s  w ere 
exam ined  i n  A u g u st. G roups o f  f i s h  (2 0 -3 0  f i s h /g r o u p )  w ere f e d  a t  2000 
w ith  d i e t s  c o n ta in in g  t r y p to p h a n  a t  d o sag es  o f  5 .3 3 , 2 .7 8 , 1 .7 7  and  
1.33% o f  th e  d a i ly  fo o d  r a t i o n .  A c o n t r o l  g roup  (20 f i s h )  was g iv e n  
no rm al d i e t .  A l l  t ry p to p h a n -e n h a n c e d  and  u n t r e a te d  d i e t s  w ere p re p a re d  
a s  i n  S tudy  1 . The f e e d in g  s c h e d u le  was l i k e  t h a t  o f  S tudy  1 .
S t a t i s t i c a l  A n a ly ses
D ata  i n  a l l  s t u d i e s  w ere a n a ly z e d  by s t u d e n t 's  t  o r  one-w ay
1
a n a l y s i s  o f  v a r ia n c e .  Where F v a lu e s  in d i c a te d  s i g n i f i c a n t  d i f f e r e n c e s  
(p < 0 .0 5 ) ,  means o f  th e  t r e a tm e n ts  w ere com pared w ith  eac h  o th e r  u s in g  
D u n can 's  m u l t ip l e  ra n g e  t e s t .
R e s u l t s
S tudy  1
The try p to p h a n - enhanched  d i e t s  s t im u la te d  g row th  r a t e s  i n  g u l f  
k i l l i f i s h  a t  each  o f  th e  f i v e  m onths t e s t e d  ( F ig s .  1 and  2 ) .  L in e a r  
g row th  r a t e  (LGR) was in c r e a s e d  by  a t  l e a s t  57% and a s  much a s  111% 
com pared w ith  th e  c o n t r o l  r a t e s .  S p e c i f i c  g row th  r a t e  (SGR) was 
in c r e a s e d  by  a t  l e a s t  24% and by  as  much a s  222%. T ry p to p h a n -fe d  f i s h  
a l s o  had  b e t t e r  c o n v e rs io n  e f f i c i e n c i e s  th a n  th e  c o n t r o l s  a t  eac h  o f  th e  
f i v e  m onths t e s t e d  (T ab le  1 ) .  C o n v e rs io n  e f f i c i e n c y  in c r e a s e d  by a t  
l e a s t  29% and a s  much a s  236%. Body f a t  s t o r e s  te n d e d  to  be g r e a t e r  in  
th e  t r y p to p h a n - f e d  g roups a l th o u g h  d i f f e r e n c e s  from  c o n t r o l s  w ere 
s i g n i f i c a n t  o n ly  i n  J u ly  and A u gust.
Growth r a t e s  a l s o  v a r i e d  w ith  s e a s o n  among th e  c o n t r o l  g roups 
( F ig s .  1 and  2 ) .  B oth LGR and  SGR w ere lo w e s t i n  M arch and  in c r e a s e d  
d u r in g  th e  s p r in g  and  summer to  re a c h  p eak  r a t e s  i n  J u ly  (SGR) and  in  
A ugust (LGR). P a r a l l e l  s e a s o n a l  changes i n  c o n v e rs io n  e f f i c i e n c e s  w ere 
a l s o  o b se rv e d  among th e  u n t r e a te d  g ro u p s (T ab le  1 ) .  C o n tr a r iw is e ,  body 
f a t  s t o r e s  d e c re a s e d  p r o g r e s s iv e ly  from  May to  A u g u st.
P lasm a t r i io d o th y r o n in e  (T 3 ) c o n c e n t r a t io n s  w ere g r e a t e r  i n  th e  
t r y p to p h a n - f e d  g ro u p s th a n  in  c o n t r o l s  a t  e ac h  o f  th e  f i v e  m onths t e s t e d  
(F ig .  3 ) .  On th e  o th e r  h an d , th y ro x in e  (T^) was l i t t l e  changed  by 
t r y p to p h a n  fe e d in g  (F ig . 4 ) .  T ry p to p h an  m o d e s tly  in c r e a s e d  p lasm a T^ 
c o n c e n t r a t io n s  o n ly  i n  M arch. Among c o n t r o l  g ro u p s , b o th  T^ and  T3  
c o n c e n t r a t io n s  te n d e d  to  in c r e a s e  from  a  low in  M arch to  h ig h e s t  l e v e l s
18
19
d u r in g  th e  summer m onths (Ju n e , J u ly  and  A u g u s t) .
T ry p to p h an  fe e d in g  a p p e a re d  to  in d u c e  m odest in c r e a s e s  i n  
som atom edin-C  (Sm-C) a t  a l l  m onths and  th e  d i f f e r e n c e s  be tw een  
t r y p to p h a n - f e d  g ro u p s and c o n t r o l s  w ere s t a t i s t i c a l l y  s i g n i f i c a n t  in  
M arch, May and A ugust (F ig .  5 ) .  C o n tro l l e v e l s  w ere r e l a t i v e l y  low in  
M arch, May and A ugust and  g r e a t e r  in  Ju n e  and  J u ly .
S tu d y  2
As i n  S tudy  1 , try p to p h a n  f e e d in g  s t im u la te d  g row th  r a t e s  i n  b o th  
M arch and  A ugust (T ab le  2 ) .  T ryp to p h an  was e q u a l ly  e f f e c t i v e  i n  
s t im u la t in g  b o th  LGR and SGR in  March w h e th e r th e  amino a c id  was 
p ro v id e d  a t  0800 ( l i g h t  o n s e t)  o r  a t  2000 ( l i g h t  o f f s e t ) .  However, in  
A u g u st, o n ly  th e  t ry p to p h a n  fe e d in g  a t  2000 p ro v id e d  s i g n i f i c a n t  
d i f f e r e n c e s  in  LGR and SGR. Only th e  t ry p to p h a n  f e e d in g  a t  2000 in  
A ugust in c r e a s e d  f a t  s t o r e s .
B a s e l in e  c o n c e n t r a t io n s  (means o f  a l l  6  tim e s  o f  day t e s t e d )  o f  T-j, 
T4 , Sm-C and c o r t i s o l  i n  u n t r e a te d  f i s h  w ere a l l  g r e a t e r  i n  A ugust th a n  
i n  M arch (T ab le  2 ) .  T ry p to p h an  fe e d in g  a t  b o th  0800 and 2000 in c r e a s e d  
T3 , T4  and  Sm-C in  March b u t  o n ly  t ry p to p h a n  f e e d in g  a t  2000 in c re a s e d  
T3  and  Sm-C in  A ugust. C o n tr a r iw is e ,  t ry p to p h a n  somewhat re d u c e d  th e  
h ig h  c o n c e n t r a t io n s  o f  c o r t i s o l  in  A ugust when p ro v id e d  a t  b o th  0800 and 
2000 .
D a ily  v a r i a t i o n s  in  p lasm a c o r t i s o l  c o n c e n t r a t io n s  w ere 
d e m o n s tra te d  i n  c o n t r o l  n o rm a l- fe d  m ale g u l f  k i l l i f i s h  in  b o th  March and 
A ugust ( F ig s .  6  and 7 ) .  The a m p litu d e  was e s p e c i a l l y  d ra m a tic  in  March
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when th e  c o n c e n t r a t io n  ro s e  s h a r p ly  from  th e  lo w e s t d a i l y  l e v e l  (5 .2  
n g /m l)  a t  0400 to  th e  h ig h e s t  (198 n g /m l) j u s t  4 h o u rs  l a t e r .  The 
c o n t r o l  rhythm  in  March a p p e a re d  to  b e  b im odal w ith  low p o in t s  a t  0400 
and  1600. T ry p to p h an  f e e d in g  a t  b o th  tim e s  (0800 and 2000) i n  March 
g r e a t l y  re d u c e d  th e  a m p litu d e  o f  th e  c o r t i s o l  rhythm  and a p p e a re d  to  
have  s h i f t e d  th e  p h ase  a s  w e l l .  I n  A u g u st, how ever, o n ly  th e  try p to p h a n  
fe e d in g  a t  2 0 0 0  may have m o d e s tly  in f lu e n c e d  th e  c o r t i s o l  rhythm  by 
re d u c in g  one ( a t  0800) o f  th e  two d a i ly  peak s found  in  th e  u n t r e a te d  
f i s h .
D i s t i n c t  d a i l y  v a r i a t i o n s  i n  p la sm a T^ l e v e l s  w ere found  in  th e  
no rm al f e d  c o n t r o l s  i n  b o th  March and  A ugust (F ig s .  8  and  9 ) .  Low est 
c o n c e n t r a t io n s  o f  th e  un im odal rhy thm s o c c u r re d  a t  0800 in  b o th  m onths. 
T ry p to p h an  fe e d in g  a t  b o th  0800 and  2000 c o m p le te ly  o b l i t e r a t e d  th e  T^ 
rhy thm  i n  March b u t  h ad  l i t t l e  e f f e c t  i n  A ugust.
S tudy  3
G raded d o sag es  o f  t ry p to p h a n  added  to  th e  d i e t  o f  th e  g u l f  
k i l l i f i s h  p ro d u ced  g ra d e d  in c r e a s e s  i n  g row th  r a t e s  (F ig . 1 0 ) . A dose 
o f  1.33% ( o f  th e  d a i ly  fo o d  r a t i o n )  d id  n o t  s i g n i f i c a n t l y  a l t e r  LGR and 
SGR com pared w ith  th e  c o n t r o l s .  The lo w e s t dose  to  ca u se  s i g n i f i c a n t  
in c r e a s e s  i n  g row th  r a t e s  was 1.77%. At t h i s  d o s e , b o th  LGR and SGR 
in c re a s e d  by 50% and 60%, r e s p e c t iv e l y .  The h ig h e s t  dose  (5.33% ) 
in c r e a s e d  LGR and SGR to  v a lu e s  t h a t  w ere s i g n i f i c a n t l y  h ig h e r  th a n  any 
o f  th e  o th e r  t r e a tm e n ts .  C o n v ers io n  e f f i c i e n c y  a l s o  in c re a s e d  in  a  
d o se -d e p e n d e n t m anner (T ab le  3 ) .  S ig n i f i c a n t  in c r e a s e s  i n  body f a t
s t o r e s  com pared w ith  c o n t r o l s  w ere o b ta in e d  in  f i s h  g iv e n  try p to p h a n  
d o sag es  o f  1 .7 7 ,  2 .6 7  and  5.33%.
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T ab le  1. Body F a t  S to r e s  and  C o n v e rs io n  E f f i c i e n c i e s  o f  M ale G u lf  K i l l i f i s h  
G iven C o n tro l and T ry p to p h a n -e n h a n c e d  D ie ts  (S tudy  1 ) .
Month T re a tm e n t N1 Body F a t S to re s ^ C o n v e rs io n  E f f ic ie n c y
March C o n tro l 2 0 4 .7 7 + 0 . 263 , a >b 0 .0 5 + 0 . 0 1 d
T ry p to p h an 2 0 5 .1 6 + 0 .2 8 0 .1 8 + 0 .0 3 *
May C o n tro l 2 0 6 .2 7 + 0 . 73a 0 . 1 1 + 0 .0 3 d
T ry p to p h an 2 0 7 .5 0 + 0 .5 8 0 .3 2 + 0 .0 4 *
June C o n tro l 24 3 .6 3 + 0 . 28b 0 .3 6 + 0 . 0 2 b
T ry p to p h an 24 4 .1 0 + 0 .3 8 0 .4 5 0 .0 5 *
J u ly C o n tro l 24 4 .1 8 0 .6 0 a ’ b 0 .6 2 + 0 .0 6 a
T ry p to p h an 24 6 .8 7 *f 0 .4 1 * 0 .8 1 + 0 .0 5 *
A ugust C o n tro l 30 2 .2 5 _L 0 . 26c 0 . 2 0 4* 0 .0 3 c
T ry p to p h an 30 4 .5 2 _L 0 .3 6 * 0 .4 0 + 0 . 0 1 *
1 number o f  f i s h  
2% Body W eight 
^mean + S .E .
a Jb >c >3nieans Df  c o n t r o l s  h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y
d i f f e r e n t  from  eac h  o th e r  (p^O .05 , D uncan’s m u l t ip l e  ra n g e  t e s t )
* s i g n i f i c a n t l y  d i f f e r e n t  from  th e  c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  t )
<r>CN
T a b le  2 . Growth R a te s ,  C o n v ers io n  E f f i c i e n c i e s  and P lasm a Hormone C o n c e n tra tio n s  o f  Male G u lf K i l l i f i s h  
G iven  C o n tro l and  T ry p to p h an -en h an ced  D ie ts  a t  0800 (T-0800) o r  2000 (T -2000) f o r  Two Weeks in  March and 
A ugust (S tu d y  2 ) .
U n tre a te d
March
T-0800 T-2000 U n tre a te d
Augus t  
T-0800 T-2000
LGRa 0 .0 8 + 0 . 0 1 b 0 .1 3 + 0 . 0 1 * 0 .1 4 ± 0 . 0 1 * 0 . 1 1 + 0 .03** 0 .1 8 + 0 .03 0 .2 3 + 0 . 0 2 *
SGRC 0 .1 6 + 0 . 0 2 0 .4 3 + 0 .0 3 * 0 .4 4 ± 0 .0 3 * 1 .75 + 0.24** 1.79 + 0 .16 2 .3 9 + 0 . 2 0 *
C. E .d 0 .0 6 + 0 . 0 1 0 .1 5 + 0 . 0 1 * 0 .1 7 ± 0 . 0 2 * 0 . 2 0 + 0 .0 3 * * 0 . 2 2 0 .0 3 0 .3 9 + 0 . 0 1 *
F a t S to r e s e 4 .7 1 ± 0 .2 6 4 .0 4 + 0 . 2 1 5 .1 6 ± 0 .2 6 2 .27 + 0 . 2 1 ** 2 .4 0 + 0 .2 3 4 .5 2 + 0 .3 6 *
T3  (n g /m l) 1 .2 7 ± 0 .3 4 3 .2 8 + 0 .6 4 * 3 .38 ± 0 .2 8 * 2 .53 + 0 .40** 2 .62 + 0 .2 6 3 .8 4 + 0 . 1 2 *
T4  (n g /m l) 9 .4 0 ± 1 .6 0 17 .50 + 1 .4 0 * 18 .40 ± 1 .30* 23 .10 + 1 . 0 0 ** 24 .70 + 1 .3 0 2 3 .0 0 + 1 . 1 0
Sm-C (U /m l) 0 .1 8 ± 0 .0 4 0 .2 8 + 0 .0 4 * 0 .3 7 + 0 ,0 8 * 0 .4 2 + 0 .04** 0 .46 + 0 .0 5 0 .5 9 + 0 .0 5 *
C o r t i s o l 0 .9 2 ± 0 .1 3 1 . 0 1 + 0 .0 9 1 .0 3 + 0 . 1 1 2 . 2 0 + 0 .1 6 * * 1 .83 + 0 . 1 2 * 1 .6 2 + 0 . 1 2 *
(ng%)
a L in e a r  Growth R a te  
^mean + S . E . 
cS p e c i f i c  Growth R ate  
^ C o n v ersio n  E f f ic ie n c y  
e % Body W eight
^ s i g n i f i c a n t l y  d i f f e r e n t  from  th e  c o r re s p o n d in g  c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  t )  
s i g n i f i c a n t l y  d i f f e r e n t  from  th e  c o n t r o l  i n  March (p < 0 .0 5 , S tu d e n t 's  t )
T ab le  3 . Body F a t  S to re s  and C o n v e rs io n  E f f i c i e n c i e s  o f M ale G u lf K i l l i f i s h  
G iven  D ie t s  C o n ta in in g  V a rio u s  Amounts o f  Added T ry p to p h an  (S tu d y  3 ) .
Added
(% D a ily  Food In ta k e )
N1 Body F a t S to re s C o n v e rs io n
E f f ic ie n c y
0 2 2 0 2 . 0 2 + 0 .3 2 3 >a 0 .195 + 0 . 033c
1 .3 3 2 0 2 . 0 0 + 0 .3 3 a 0 .2 0 9 + 0 . 0 2 0 b>c
1 .7 8 25 2 .2 5 + 0 .2 6 a »b 0 .2 7 4 + 0 .0 3 8 a ,b
2 .6 7 30 2 .81 0 . 2 1 b 0 .3 3 3 + 0 . 014a
5 .3 3 30 3 .5 2 + 0 . 18a 0 .3 9 8 + 0 .0 1 4 a
1 num ber o f f i s h
^The u n t r e a t e d  d i e t  (T e tra m in )  c o n ta in s  a b o u t 0.30% try p to p h a n
3mean + S .E .
a > b ,c mea n s  h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
eac h  o th e r  (p £ 0 .0 5 , D u n c a n 's  m u l t i p l e  ra n g e  t e s t )
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F ig u re  1. L in e a r  grow th  r a t e s  o f  m ale g u l f  k i l l i f i s h  g iv e n  c o n t r o l  and 
try p to p h a n -e n h a n c e d  d i e t s  f o r  tw o-w eek p e r io d s  i n  s p r in g  and 
summer. A s t e r i s k  (* ) i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  
com pared w ith  th e  c o r re s p o n d in g  c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  
t ) . Means o f  c o n t r o l s  h a v in g  th e  same l e t t e r  a r e  n o t 
s i g n i f i c a n t l y  d i f f e r e n t  from  o th e r  c o n t r o l s  (p > 0 .0 5 ,
D u n can 's  m u l t ip le  ran g e  t e s t ) .






F ig u re  2 . S p e c i f i c  g row th  r a t e s  o f  m ale g u l f  k i l l i f i s h  g iv e n  c o n t r o l
and  try p to p h a n -e n h a n c e d  d i e t s  f o r  tw o-w eek p e r io d s  i n  s p r in g  
and  summer. A s t e r i s k  (* ) i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  
com pared w ith  th e  c o r re s p o n d in g  c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  
t ) . Means o f  c o n t r o l s  h a v in g  th e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from  o th e r  c o n t r o l s  (p > 0 .0 5 ,
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F ig u re  3. P lasm a t r i io d o th y r o n i n e  c o n c e n t r a t io n s  o f  m ale g u l f
k i l l i f i s h  g iv e n  c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  
tw o-w eek p e r io d s  i n  s p r in g  and summer. A s t e r i s k  (* ) 
in d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  com pared w ith  th e  
c o r re s p o n d in g  c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  t ) . Means o f  
c o n t r o l s  h a v in g  th e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from  o th e r  c o n t r o l s  (p > 0 .0 5 , 
D uncan 's  m u l t ip le  ra n g e  t e s t ) .
o
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| . l  Control
Tryptophan
MAR MAY JUN JUL AUG
31
F ig u re  4 . P lasm a th y ro x in e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l f i s h  g iv e n  
c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  f o r  tw o-w eek p e r io d s  
i n  s p r in g  and summer. A s t e r i s k  (* ) i n d i c a te s  s i g n f i c a n t  
d i f f e r e n c e  com pared w ith  th e  c o r re s p o n d in g  c o n t r o l  (p > 0 .0 5 , 
S tu d e n t 's  t ) . Means o f  c o n t r o l s  h a v in g  th e  same l e t t e r  a re  
n o t  s i g n f i c a n t l y  d i f f e r e n t  from  o th e r  c o n t r o l s  (p > 0 .0 5 , 
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F ig u re  5 . P lasm a som atom edin-C  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  
g iv e n  c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  f o r  tw o-w eek 
p e r io d s  in  s p r in g  and  summer. A s t e r i s k  (* ) i n d i c a t e s  
s i g n i f i c a n t  d i f f e r e n c e  com pared w ith  th e  c o r re s p o n d in g  
c o n t r o l  (p < 0 .0 5 , S tu d e n t 's  t ) . Means o f  c o n t r o l s  h a v in g  th e  
same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  o th e r  























F ig u re  6 . D a ily  v a r i a t i o n s  o f  p la sm a c o r t i s o l  c o n c e n t r a t io n s  in  m ale 
g u l f  k i l l i f i s h  g iv e n  c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  
a t  0800 (T -0800) o r  2000 (T -2000) i n  M arch. H o r iz o n ta l  b a r  
i n d i c a t e s  d a rk  p h ase  ( 2 0 0 0  - 0800) d u r in g  th e  d a i l y  
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F ig u re  7 . D a ily  v a r i a t i o n s  o f  p lasm a c o r t i s o l  c o n c e n t r a t io n s  i n  m ale 
g u l f  k i l l i f i s h  g iv e n  c o n t r o l  and try p to p h a n -e n h a n c e d  d i e t s  
a t  0800 (T -0800) o r  2000 (T -2000) in  A u g u st. H o r iz o n ta l  b a r  
in d i c a t e s  d a rk  p h ase  ( 2 0 0 0  - 0800) d u r in g  th e  d a i ly  
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F ig u re  8 . D a ily  v a r i a t i o n s  o f  p la sm a th y ro x in e  c o n c e n t r a t io n s  i n  male 
g u l f  k i l l i f i s h  g iv e n  c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  
a t  0800 (T -0800) o r  2000 (T -2000) i n  M arch. H o r iz o n ta l  b a r  
in d i c a t e s  d a rk  p h ase  ( 2 0 0 0  - 0800) d u r in g  th e  d a i ly  
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F ig u re  9 . D a ily  v a r i a t i o n s  o f  p la sm a th y ro x in e  c o n c e n t r a t io n s  i n  m ale 
g u l f  k i l l i f i s h  g iv e n  c o n t r o l  and  try p to p h a n -e n h a n c e d  d i e t s  
a t  0800 (T -0800) o r  2000 (T -2000) i n  A u g u st. H o r iz o n ta l  b a r  
i n d i c a t e s  d a rk  p h ase  ( 2 0 0 0  - 0800) d u r in g  th e  d a i ly  
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F ig u re  10. L in e a r  and s p e c i f i c  grow th  r a t e s  o f  m ale g u l f  k i l l i f i s h
g iv e n  d i e t s  c o n ta in in g  v a r io u s  am ounts o f  added  try p to p h a n . 
The norm al d i e t  w ith o u t added  try p to p h a n  c o n ta in e d  a b o u t 
0.30% try p to p h a n . Means o f  th e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from  each  o th e r  (p > 0 .0 5 , D uncan 's  
m u l t ip le  ra n g e  t e s t ) .
Specific Growth Rate
P r*«  Oi----------- 1------------I----------- |----------- «-----
Linear Growth Rate
.-*■ O P
0 1  -*■ M





D isc u ss io n
The r e s u l t s  i n d i c a t e  t h a t  a d d i t i o n a l  d i e t a r y  t ry p to p h a n  
s u b s t a n t i a l l y  in c r e a s e s  g row th  r a t e s  and c o n v e rs io n  e f f i c i e n c i e s  i n  g u l f  
k i l l i f i s h  th ro u g h o u t s p r in g  and summer u n d er l a b o r a to r y  c o n d i t i o n s . 
Growth was in c r e a s e d  even  a t  th e  s e a s o n a l  p eak  o f  g row th  in  J u ly .  
T ry p to p h an  a l s o  s t im u la te d  in c r e a s e s  in  th e  p la sm a c o n c e n t r a t io n s  o f  T3  
and  Sm-C, horm ones t h a t  a r e  th o u g h t to  s t im u la t e  g row th  in  t e l e o s t s ,  and 
a l s o  a l t e r e d  th e  c i r c a d i a n  rhythm s o f  p lasm a c o r t i s o l  and  T^ 
c o n c e n t r a t i o n s .
T ry p to p h an  h a s  many im p o r ta n t r o l e s  i n  g e n e r a l  m e ta b o lism . In  
a d d i t io n  to  b e in g  a  com ponent o f  m ost p r o t e i n ,  t ry p to p h a n  h a s  r e g u la to r y  
in f lu e n c e s  on c a rb o h y d ra te  m e tab o lism  th ro u g h  i n h i b i t i o n  o f  enzymes l i k e  
p h o sp h o e n o lp y ru v a te  c a rb o x y k in a se  (Ray, 1966; K ap lan  and  P i t o t ,  1970; 
W ittm an , 1 9 7 6 ). T ry p to p h an  a l s o  i s  r e q u i r e d  f o r  p o ly so m a l fo rm a tio n  
(S id ra n s k y  e t  a l . , 1 9 8 1 ). M ost o f  t ry p to p h a n  i s  m e ta b o liz e d  th ro u g h  
k y n u re n in e  and  t h i s  pathw ay le a d s  s u b se q u e n tly  to  th e  fo rm a tio n  o f  
n ic o tin a m id e  n u c le o t id e s  (NAD and NADP). In  t e l e o s t s ,  a s  in  mammals, 
t ry p to p h a n  i s  an  e s s e n t i a l  amino a c id  and th e  d i e t a r y  re q u ire m e n ts  o f  
t ry p to p h a n  have  b e e n  d e m o n s tra te d  i n  s e v e r a l  t e l e o s t s  (H a lv e r , 1965; 
W ilson  e t  a l . , 1978; K e to la ,  1982; W alton e t  a l . , 1984; Akiyama e t  a l . , 
1985; Kim e t  a l . , 19 8 7 ).
The am ount o f  try p to p h a n  found  in  p r o t e i n s  f a l l s  w i th in  a  v e ry  
n a rro w  ra n g e  (< 2 % f o r  m ost p l a n t  and an im al p r o t e i n s )  and  th e  mean i s  
n e a r  1% (O rr  and W att, 19 6 8 ). A c c o rd in g ly , th e  am ount o f  t ry p to p h a n  in
45
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th e  u n t r e a t e d  T e tra m in  d i e t  (30% p r o t e i n )  a p p ro x im a te s  0.30% , and  th e  
m in im al am ount r e q u i r e d  to  s t im u la te  g row th  and  c o n v e rs io n  e f f i c i e n c y  in  
th e  p r e s e n t  s tu d y  i s  th e r e f o r e  2.07% (0 .3 0  + 1.77% , added  to  th e  d i e t ;  
s e e  T ab le  3 ) .  B ecause t h i s  l e v e l  o f  t ry p to p h a n  i s  w e l l  above ( 6 - f o ld )  
th e  am ount n a t u r a l l y  a v a i l a b l e ,  i t  i s  p ro b a b le  t h a t  th e  g ro w th -p ro m o tin g  
e f f e c t s  o f  t ry p to p h a n  d e m o n s tra te d  i n  th e  p r e s e n t  s tu d y  a r e  n o t  th e  
co n seq u en ces  o f  f u l f i l l i n g  n u t r i t i o n a l  re q u ire m e n ts .
The grow th  p ro m o tin g  e f f e c t s  o f  try p to p h a n  fe e d in g  may be d i r e c t e d  
by way o f  n e u r a l  e le m e n ts  ( i . e . ,  s e r o to n e r g i c )  t h a t  c o n t r o l  e n d o c r in e  
and  au tonom ic  a c t i v i t i e s .  T ry p to p h an  a v a i l a b i l i t y  i s  th e  m ost im p o r ta n t 
r a t e - l i m i t i n g  f a c t o r  f o r  s e r o to n in  s y n th e s i s  in  mammals, s in c e  th e  
enzyme ( t ry p to p h a n  h y d ro x y la s e )  in v o lv e d  in  th e  p ro c e s s  i s  se ldom , i f  
e v e r ,  s a tu r a t e d  (M oir and E c c le s to n ,  1968; F e rn s tro m  and Wurtman, 1971). 
B ecause t ry p to p h a n  i s  an  e s s e n t i a l  amino a c id ,  i t  m ust come from  th e  
d i e t .  I n c r e a s e s  i n  d i e t a r y  t ry p to p h a n  s t im u la t e  b r a i n  s e r o to n in  c o n te n t  
and  a c t i v i t y  (G reen  e t  a l . , 1962; W ilson  and  M eie r, 1 9 8 2 ). S e ro to n e rg ic  
a c t i v i t y  i n  t u r n  h a s  c e n t r a l  r o l e s  i n  r e g u la t i n g  a p p e t i t e ,  b e h a v io r  and 
th e  s e c r e t i o n s  o f  h y p o th a la m ic  and p i t u i t a r y  horm ones in c lu d in g  grow th  
horm one (C o llu ,  1977; W einer and Ganong, 1 9 7 8 ). A lth o u g h  try p to p h a n  
fe e d in g  h a s  n o t  y e t  b een  shown to  in c r e a s e  b r a i n  s e r o to n in  c o n te n t  and 
a c t i v i t y  i n  t e l e o s t s ,  s i m i l a r  m echanism s may w e ll  be p r e s e n t .
An in c r e a s e  i n  s e r o to n e r g ic  a c t i v i t y  may in f lu e n c e  th e  c i r c a d ia n  
n e u ro e n d o c rin e  m echanism  th o u g h t to  r e g u la t e  s e a s o n a l  m e ta b o lic  
c o n d i t io n s  i n v e r t e b r a t e s  in c lu d in g  t e l e o s t s .  T h is  m echanism  in v o lv e s  
c i r c a d i a n  s e r o to n e r g ic  and  d o p am in erg ic  com ponents (M eier e t  a l . , 1978;
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M eie r, 1 9 8 5 ). A te m p o ra l i n t e r a c t i o n  o f  th e s e  o s c i l l a t i o n s  and  t h e i r  
c i r c a d i a n  e x p re s s io n s  ( e . g . ,  d a i l y  rhy thm s o f  p la sm a c o r t i s o l  and  
p r o l a c t i n  c o n c e n t r a t io n s )  i s  th o u g h t to  c o n t r o l  s e a s o n a l  m e ta b o lic  
c o n d i t io n s .  D a ily  i n j e c t i o n s  o f  s e r o to n in  and  dopam ine p r e c u r s o r s  
p ro d u ce  v a r i a b l e  s e a s o n a l  p h y s io lo g ic a l  c o n d i t io n s  a s  a  f u n c t io n  o f  
t h e i r  te m p o ra l r e l a t i o n s  ( M i l l e r ,  and  M e ie r , 1983a, b ; Emata e t  a l . , 
1985; W ilson  and  M e ie r, 1 9 8 9 ).
I t  i s  n o te w o rth y  in  t h i s  r e g a r d  t h a t  th e  try p to p h a n  fe e d in g  a t  2000 
i n  A ugust s t im u la te d  g row th  and p lasm a c o n c e n t r a t io n s  o f  T3  and  Sm-C 
w h ereas  th e  0800 f e e d in g  d id  n o t  (T ab le  2 ) .  T hese f in d in g s  s u g g e s t  t h a t  
t h e r e  may be a  " b e s t  tim e o f  day" f o r  try p to p h a n  fe e d in g  to  m odify  th e  
c i r c a d i a n  n e u ro e n d o c rin e  sy stem  so t h a t  i t  s t im u la t e s  th e  m ost r a p id  
g ro w th .
I n c re a s e d  d i e t a r y  try p to p h a n  a l s o  d r a m a t ic a l ly  a l t e r e d  s e a s o n a l  
c o n d i t io n s  i n  th e  S y r ia n  h a m ste r  (W ilson  and  M e ie r , 1 9 8 2 ). T ry p to p h an  
c a u se d  h a m s te rs  in  e a r l y  summer m e ta b o lic  and  r e p r o d u c t iv e  c o n d i t io n s  to  
assum e c o n d i t io n s  s im i l a r  to  th o s e  o c c u r r in g  n a t u r a l l y  i n  w in te r .  I t  
a l s o  changed  th e  p lasm a c o n c e n t r a t io n s  o f  s e v e r a l  horm ones and  a l t e r e d  
th e  p h a se s  o f  c i r c a d i a n  rhy thm s ( e .g .  c o r t i c o s t e r o i d  and p r o l a c t i n )  so 
t h a t  th e y  re se m b le d  th e  l e v e l s  and  p h a se s  fou n d  in  w in te r  (W ilson  and 
M e ie r , u n p u b lish e d  r e s u l t s ) .  I n  th e  p r e s e n t  s tu d y  o f  g u l f  k i l l i f i s h  as  
w e l l ,  c i r c a d i a n  rhy thm s o f  horm ones ( i . e . ,  c o r t i s o l  and th y r o x in e ) ,  
v a r i e d  w ith  s e a so n  (M arch and  A ugust) and  a s  a  r e s u l t  o f  enhanced  
d i e t a r y  try p to p h a n .  S e a so n a l changes i n  th e  p h a se s  and a m p litu d e s  o f  
c o r t i s o l  and T^ have b e e n  n o te d  p r e v io u s ly  in  g u l f  k i l l i f i s h  ( S r iv a s ta v a
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and M eie r, 1972; G a rc ia  and  M e ie r , 1973; M eier and  S r iv a s ta v a ,  1975) as  
w e ll  a s  i n  s e v e r a l  o th e r  t e l e o s t s  ( S p ie l e r  and N oeske, 1979; Ranee e t  
a l . . 1982; Noeske and  S p ie l e r ,  1983; P ic k e r in g  and  P o t t i n g e r ,  1983; 
T horpe e t  a l . , 1987; L a id le y  and  L e a th e r la n d ,  1 9 8 8 ). T hus, th e  r e s u l t s  
o f  th e  p r e s e n t  s tu d y  a r e  c o n s i s t e n t  w ith  th e  h y p o th e s is  t h a t  t ry p to p h a n  
f e e d in g  a l t e r s  c i r c a d i a n  n e u ro e n d o c rin e  m echanism s and  t h a t  m e tab o lism  
i s  r e g u la te d  i n  p a r t  by  a  te m p o ra l i n t e r a c t i o n  o f  c i r c a d i a n  sy stem s 
(M e ie r , 19 8 5 ).
The in c r e a s e s  i n  g row th  r a t e s  s t im u la te d  by try p to p h a n -e n h a n c e d  
f e e d  in  th e  p r e s e n t  s tu d y  a r e  g r e a t e r  th a n  m ost o f  th o s e  grow th  
in c r e a s e s  r e p o r te d  p r e v io u s ly  f o r  t e l e o s t s  g iv e n  any g ro w th -p ro m o tin g  
horm one by any means ( i n j e c t i o n s ,  im m ersions o r  d i e t a r y ) .  The in c r e a s e s  
i n  s p e c i f i c  g row th  r a t e  p ro d u ced  by t ry p to p h a n  (24-222%) w ere g r e a t e r  
th a n  th o s e  o f  f i s h  g iv e n  g row th  hormone (Adelman, 1977; K ayes, 1977; 
A g e llo n  e t  a l . , 1988; F a rb r id g e  and  L e a th e r la n d ,  19 8 8 ), T^ (H iggs e t  
a l . ,  1976, 1977, 1 9 7 9 ), T3  (F a g e r lu n d  e t  a l . , 1980; H iggs e t  a l . , 1979) 
and  m e th y l t e s to s te r o n e  (D egani and D o so re tz , 1 9 8 6 ). F u rth e rm o re , th e  
g r e a t e s t  c o n v e rs io n  e f f i c i e n c y  among th e  t r y p to p h a n - t r e a t e d  g roups 
(0 .8 1 )  ex ceed ed  th o s e  r e p o r te d  i n  salm on fe d  T3 -e n r ic h e d  d i e t s  (0 .7 1 ,  
H iggs e t  a l . , 1 9 7 7 ), and  i n  s i l v e r  e l v e r s  t r e a t e d  w ith  g row th  hormone 
(0 .7 0 )  o r  m e th y l t e s to s te r o n e  (0 .4 9 ,  D egani and D o so re tz , 1986 ).
T h y ro id  horm ones a r e  th o u g h t to  have p e rm is s iv e  s y n e r g i s t i c  r o l e s  
i n  g row th  a c t i v i t i e s ,  p o t e n t i a t i n g  th e  a n a b o l ic  e f f e c t s  o f  grow th  
horm one and  an d ro g en s (D onaldson  e t  a l . , 1979; H iggs e t  a l . , 19 8 2 ). 
Combined t r e a tm e n ts  o f  th y r o id  horm ones and grow th  hormone o r
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m e th y l t e s to s te r o n e  s t im u la te d  s k e l e t a l  g row th  (K om ourd jian  and I d l e r ,  
1 9 7 8 ), so m a tic  g row th  (H iggs e t  a l . , 1977; F a g e rlu n d  e t  a l . , 1980; 
R e f s t i e ,  1982; D egani and D o so re tz , 1986) and  amino a c id  in c o rp o r a t io n  
in t o  m uscle  p r o t e i n s  (S m ith  and  T horpe, 1 9 7 7 ). T h y ro id  horm ones may 
a l s o  enhance  g row th  by in c r e a s in g  c o n v e rs io n  e f f i c i e n c y  (G ross e t  a l . , 
1963; B jo rk lu n d , 1965; H iggs e t  a l . , 1 9 7 7 ).
I n  th e  p r e s e n t  s tu d y , p la sm a T3  l e v e l s  w ere c o n s i s t e n t l y  g r e a t e r  in  
th e  t r y p t o p h a n - t r e a t e d  g roups in  a s s o c i a t i o n  w ith  in c re a s e d  grow th  r a t e s  
w h ereas  p la sm a T^ l e v e l s  w ere m o s tly  unchanged . T hese f in d in g s  a g re e  
w ith  o th e r s  t h a t  i n d i c a t e  T3  may be more e f f e c t i v e  th a n  T^ in  p ro m o tin g  
g ro w th . I n  th e  A r c t ic  c h a r r ,  p lasm a T3  l e v e l s  w ere d i r e c t l y  c o r r e l a t e d  
w ith  g row th  r a t e s  w hereas p lasm a T^ l e v e l s  w ere n o t  (E a le s  and S h o s ta k ,
1 9 8 5 ). F u rth e rm o re , o r a l l y  a d m in is te re d  T3  in c r e a s e d  grow th  and 
c o n v e rs io n  e f f i c i e n c i e s  in  th e  coho salm on w hereas o r a l l y  a d m in is te re d  
T4  s t im u la te d  n e i t h e r  (H iggs e t  a l . , 1 9 7 7 ). The t e l e o s t  th y r o id  
p ro d u c e s  T^ o f  w hich  70% i s  s u b s e q u e n tly  c o n v e r te d  to  T3  by p e r ip h e r a l  
m o n o d e io d in a tio n  t h a t  o c c u rs  p r im a r i ly  i n  th e  l i v e r  (H iggs and E a l e s , 
1977; E a le s ,  1 9 8 5 ). Inasm uch a s  p r o l a c t i n ,  g row th  hormone and s t e r o i d s  
s t im u la t e  m o n o d e io d in a tio n  (L eloup  and de Luze, 1979, 1980; V ija y a n  e t  
a l . , 1985; Cyr e t  a l . , 1988; M acLatchy and  E a le s ,  1 9 8 8 ), t h i s  c o n v e rs io n  
may be  one means by w hich th e s e  horm ones in f lu e n c e  g row th  in  t e l e o s t s .  
S in c e  T^ i s  th e  o n ly  s o u rc e  f o r  T3 , p la sm a T4  may s e rv e  p r im a r i ly  a s  a 
s to r a g e  p r e c u r s o r  f o r  T3 .
The s t a t u s  and  a c t io n s  o f  som atom edin-C  in  t e l e o s t s  a r e  p o o r ly  
d e f in e d .  B oth  p r o l a c t i n  and grow th  hormone s t im u la t e  in c r e a s e s  in
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im m un o reac tiv e  Sm-C t h a t  may a c c o u n t i n  p a r t  f o r  t h e i r  g ro w th -p ro m o tin g  
a c t i v i t i e s  (F u n k e n s te in  e t  a l . , 1989; W ilson  e t  a l . , in  p r e s s ;  Emata and
O r
M eier, u n p u b lish e d  r e s u l t s ) .  I n  ra in b o w  t r o u t ,  in c r e a s e d  J J S -u p ta k e  in  
bone i n  re s p o n s e  to  g row th  hormone and was th o u g h t to  b e  m e d ia te d  by 
a  " s u lp h a t io n  f a c t o r "  r e l e a s e d  from  l i v e r  t i s s u e s  (Komourdj ia n  and 
I d l e r ,  1 9 7 8 ). Sm-C m e d ia te s  ^ ^ S -u p tak e  in  mammals (Salm on and 
D aughaday, 1957; McConaghey and  S le d g e , 1 9 7 0 ). O th e r g ro w th -p ro m o tin g
O O
a c t i v i t i e s  m e d ia te d  by Sm-C in  mammals, such  a s  H -u r id in e  and J H- 
th y m id in e  in c o r p o r a t io n ,  g lu c o se  and amino a c id  u p ta k e  (Clemmons and Van 
Wyk, 1981; K ap lan , 1982; Humbel, 19 8 4 ), have n o t  y e t  b een  r e p o r te d  in  
t e l e o s t s .  I n  dw arf m ice , Sm-C in j e c t i o n s  f o r  f i v e  weeks (5 
in je c t io n s /w e e k )  s t im u la te d  in c r e a s e s  i n  so m a tic  g row th  (Van B uul- 
O f fe r s  and  Ven den  B rande , 1979; Van B u u l-O ffe rs  e t  a l . , 1 9 8 8 ). In  th e  
p r e s e n t  s tu d y ,  Sm-C l e v e l s  v a r i e d  d i r e c t l y  w ith  s e a s o n a l  chan g es in  
grow th  in  u n t r e a te d  f i s h  a s  w e ll  as  w ith  in c r e a s e s  i n  g row th  s t im u la te d  
by  t r y p to p h a n .
The s e a s o n a l  v a r i a t i o n s  i n  g row th  r a t e s  o b se rv e d  in  th e  n o rm a l- fe d  
c o n t r o l s  conform  to  th o s e  o f  p re v io u s  s tu d i e s  o f  t e l e o s t s  k e p t  in d o o rs  
u n d e r  c o n s ta n t  e n v iro n m e n ta l c o n d i t io n s .  G r e a te s t  r a t e s  o f  grow th  
o c c u r  in  summer and  lo w e s t g row th  r a t e s  o c c u r  i n  w in te r  o r  e a r l y  s p r in g  
(E r ik s o n  and  L u n d q v is t ,  1982; M archan t and  P e te r ,  1985; J o b l in g ,  1987 ). 
I t  h a s  b een  s u g g e s te d  t h a t  GH may r e g u la t e  s e a s o n a l  changes i n  grow th  
r a t e s  i n  t h a t  p i t u i t a r y  GH c o n te n t  o f  g o ld f i s h  e s t im a te d  h i s t o l o g i c a l l y  
v a r i e s  d i r e c t l y  w ith  s e a s o n a l  grow th  (K aul and  V o l l r a t h ,  1 9 7 4 ).
However, a  more r e c e n t  s tu d y  in  g o ld f i s h  in d i c a te d  t h a t  s e a s o n a l
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v a r i a t i o n s  i n  grow th  r a t e s  w ere n o t  d i r e c t l y  c o r r e l a t e d  w ith  th e  
s e a s o n a l  v a r i a t i o n s  i n  p la sm a grow th  hormone l e v e l s  (M archan t and  P e te r ,
1 9 8 6 ). The h ig h e s t  mean d a i ly  p la sm a GH l e v e l s  o c c u r re d  3 m onths p r i o r  
t o  th e  p eak  o f  g row th  r a t e s  w hich  o c c u r re d  in  J u n e - J u ly .  Such f in d in g s  
may r e s u l t  from  a  s e a s o n a l  change in  t i s s u e  re s p o n s iv e n e s s  to  GH as  
s u g g e s te d  by s e v e r a l  a u th o r s  (S w if t  and  P ic k f o r d ,  1965; Adelm an, 1977; 
K ayes, 1 9 7 7 ). However, s e a s o n a l  v a r i a t i o n s  i n  re s p o n s e s  to  GH have n o t  
y e t  b e e n  r e p o r te d .
In  th e  p r e s e n t  s tu d y ,  s e a s o n a l  v a r i a t i o n s  i n  p la sm a T3 , and Sm-C 
c o n c e n t r a t io n s  p a r a l l e l e d  s e a s o n a l  v a r i a t i o n s  i n  g row th  r a t e s . The p eak  
l e v e l s  o f  th e s e  g ro w th -p ro m o tin g  horm ones o c c u r re d  in  th e  summer when 
g row th  r a t e s  w ere g r e a t e s t .  The s e a s o n a l  v a r i a t i o n s  i n  p la sm a T3  l e v e l s  
r e p o r te d  i n  th e  p r e s e n t  s tu d y  w ere s im i l a r  to  th o s e  r e p o r te d  i n  th e  
p l a i c e  (O sborn  and  S im pson, 1 9 7 8 ), th e  w in te r  f lo u n d e r  (G a le s  and 
F l e t c h e r ,  1982) and th e  brown b u l lh e a d  (B urke and  L e a th e r la n d ,  1983 ).
I n  th o s e  p re v io u s  s tu d ie s  a s  w e l l ,  p eak  l e v e l s  o f  T3  o c c u r re d  d u r in g  
summer and  lo w e s t v a lu e s  w ere o b se rv e d  in  e a r l y  s p r in g  (F e b ru a ry  - 
M arch ). S e v e ra l  i n v e s t i g a t o r s  a t t r i b u t e d  in c r e a s e d  grow th  in  th e  summer 
to  h ig h e r  p la sm a T3  c o n c e n t r a t io n s .
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A b s t r a c t
Somatomedin-C (Sm-C) and  th y r o id  hormone re s p o n s e s  to  p r o l a c t i n  (PRL) 
and  g row th  hormone (GH) i n j e c t i o n s  a t  s e v e r a l  tim e s  o f  day (0800 , 1600 and 
2000) w ere exam ined in  m ale g u l f  k i l l i f i s h ,  F u ndu lus  g r a n d i s . P lasm a 
l e v e l s  o f  Sm-C, t r i io d o th y r o n i n e  (T3) and th y ro x in e  (T4) w ere d e te rm in e d  
a t  0 , 2 , 6  and 1 2  h o u rs  fo l lo w in g  i n j e c t i o n s  o f  th e  p i t u i t a r y  horm ones. 
Among th e  u n in je c te d  and  s a l i n e - i n j e c t e d  c o n t r o l s ,  d a i l y  v a r i a t i o n s  in  
p la sm a Sm-C and T3 l e v e l s  w ere o b se rv e d , w hereas p la sm a  T4  l e v e l s  rem ain ed  
c o n s ta n t  th ro u g h o u t th e  day . Sm-C and th y r o id  horm one re s p o n s e s  to  PRL 
and GH v a r ie d  d ep en d in g  on th e  tim e  o f  day when i n j e c t i o n s  w ere made, th e  
tim e  o f  b lo o d  sam p lin g  and  th e  hormone a s s a y e d . PRL and  GH in d u ced  
s i m i l a r  Sm-C re s p o n s e s  s u g g e s t in g  t h a t  PRL e f f e c t s  may be m e d ia te d  th ro u g h  
common so m ato g en ic  r e c e p to r s  w ith  GH. However, t h y r o id  hormone re s p o n s e s  
to  GH and PRL d i f f e r e d .  C irc a d ia n  r e s p o n s iv e n e s s  o f  g ro w th -p ro m o tin g  
horm ones (Sm-C, T3  and  T4) c o u p le d  to  c i r c a d i a n  rhy thm s o f  PRL and GH c o u ld  
p ro v id e  th e  b a s i s  f o r  a  te m p o ra l i n t e r a c t i o n  r e s u l t i n g  in  v a r i a t i o n s  o f  
g r o w th - r e la te d  p r o c e s s e s .
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In tr o d u ctio n
Growth in  v e r t e b r a t e s  i s  r e g u la te d  p r im a r i ly  by g row th  hormone (GH) 
w ith  th e  p e rm is s iv e  r o le  o f  th y r o id  horm ones (K ap lan , 1982; Gorbman, 
19 8 3 ). GH a c t i v i t i e s  a r e  l a r g e l y  m e d ia te d  i n  mammals by  som atom edins (Sm) 
s e c r e t e d  by  th e  l i v e r  and c i r c u l a t e d  i n  th e  b lo o d  (Clemmons and  Van Wyk, 
1981; D aughaday, 1981; Humbel, 1 9 8 4 ), Sm a c t i v i t y  h a s  b een  d e te c te d  in  
th e  p la sm a o f  o th e r  v e r t e b r a t e  c l a s s e s  a s  w e ll  (S h a p iro  e t  a l .  , 1977; 
D aughaday e t  a l .  , 1 9 8 5 ). I n  ra inbow  t r o u t ,  b o th  th y ro x in e  (T4) and GH 
i n j e c t i o n s  in c r e a s e d  35S u lp h u r u p ta k e  in  th e  bone by  way o f  a  h e p a t ic  
s u lp h a t io n  f a c t o r  th o u g h t to  b e  a  som atom edin (K om ourd jian  and  I d l e r ,  
1 9 7 8 ). More r e c e n t l y ,  rad io im m unoassays and  r a d io r e c e p to r  a s s a y s  r e v e a le d  
th e  p re s e n c e  o f  som atom edin-C  (Sm-C) in  s e v e r a l  t e l e o s t  s p e c ie s  (Daughaday 
e t  a l . , 1985; L in d a h l e t  a l . , 1985; D rakenberg  e t  a l . , 1989; F u n k e n s te in  
e t  a l . , 1989; A nderson  and  Owens, 1989) in c lu d in g  th e  g u l f  k i l l i f i s h ,  
F undu lus g ra n d is  (W ilson  e t  a l . , i n  p r e s s ) . S t im u la to ry  in f lu e n c e s  o f  GH 
and p r o l a c t i n  (PRL) on p lasm a Sm-C have r e c e n t ly  b een  r e p o r te d  in  th e  
g i l t h e a d  seab ream  (F u n k e n s te in  e t  a l . , 1989) and  th e  g u l f  k i l l i f i s h
(W ilson  e t  a l .  , i n  p r e s s ) .  GH h a s  a l s o  b e e n  shown to  s t im u la t e  in c r e a s e s  
i n  p la sm a th y r o id  horm ones and  th e  e x t r a t h y r o i d a l  m o n o d e io d in a tio n  o f  T4  
to  t r i io d o th y r o n i n e  (T3) in  t e l e o s t s , w h ereas  PRL e f f e c t s  have been  
i n c o n s i s t e n t  (L e a th e r la n d ,  1982b; 1988; E a le s ,  19 8 5 ).
I t  i s  c l e a r  t h a t  th e r e  i s  a  n eed  to  o b ta in  more in fo rm a tio n  on th e  
e n d o c r in e  c o n t r o l  o f  grow th  in  t e l e o s t s , p a r t i c u l a r l y  w ith  r e s p e c t  to  
som atom edin  in v o lv e m e n t. T here  i s  no r e p o r te d  r e s e a r c h  on th e  p o s s i b i l i t y
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t h a t  GH and PRL have t im e -o f -d a y  d e p e n d e n t e f f e c t s  on e i t h e r  Sm-C o r 
th y r o id  horm one l e v e l s  i n  t e l e o s t s .  Such c i r c a d i a n  r e s p o n s iv e n e s s  to  a 
s t im u lu s ,  p a r t i c u l a r l y  p r o l a c t i n ,  h as  b e e n  r e p o r te d  i n  num erous v e r t e b r a t e  
s p e c ie s  in c lu d in g  t e l e o s t s  (M e ie r, 1975; 19 8 5 ). B ecause d a i ly  v a r i a t i o n s  
i n  r e s p o n s iv e n e s s  to  horm ones have im p o r ta n t  p h y s io lo g ic a l  c o n seq u en c es , 
th e  p r e s e n t  s tu d y  exam ined th e  e f f e c t s  o f  PRL and  GH g iv e n  a t  s e v e r a l  
tim e s  o f  th e  day on th e  p la sm a c o n c e n t r a t io n s  o f  Sm-C, T3 and  T4  i n  th e  
g u l f  k i l l i f i s h .
M a te r ia ls  and  M ethods
Male g u l f  k i l l i f i s h ,  Fundu lus g r a n d i s . w ere o b ta in e d  from  th e  
L o u is ia n a  G u lf  c o a s t  i n  J u ly .  They w ere a c c l im a te d  in d o o rs  f o r  2 weeks 
i n  15- o r  2 0 - g a l lo n  a q u a r ia  c o n n e c te d  to  a  common b i o l o g i c a l  f i l t e r  and 
c i r c u l a t i o n  sy stem . W ater te m p e ra tu re  was m a in ta in e d  a t  20 + 1°C and 
s a l i n i t y  a t  3 ° /o o . The d a i l y  p h o to p e r io d  was 12 h o u rs  (LD 1 2 :1 2 ) w ith  
l i g h t  o n s e t  a t  0800. F is h  w ere f e d  d a i ly  a t  random tim e s  d u r in g  th e  
p h o to p h a se  w ith  d ry  com m ercial f i s h  f l a k e s  (T e tra m in ) a t  a  r a t e  o f  3% o f  
t o t a l  body w e ig h t /d a y .
F is h  (8 -1 2  g / f i s h )  w ere i n j e c t e d  i n t r a p e r i t o n e a l l y  ( i . p . )  w ith  e i t h e r  
0 .0 2  ml o v in e  GH (25 J ig / f i s h )  (NIADKK-oGH-15, AFP-7649C), o v in e  PRL (20 
/L lg /fish ) (NIADDK-oPRL-19, AFP-9221-A) o r  0.7% s a l i n e  ( c o n t r o l s ) .  Hormone 
and  c o n t r o l  i n j e c t i o n s  w ere made to  g ro u p s o f  f i s h  a t  t h r e e  d i f f e r e n t  
t im e s  o f  day , a t  0800, 1600 and 2000. Subgroups (12 f is h /s u b g r o u p )  w ere 
b le d  a t  th e  tim e  o f  i n j e c t i o n  ( i n i t i a l  c o n t r o l )  and  a t  2 , 6  and  1 2  h o u rs  
a f t e r  i n j e c t i o n s .  F o llo w in g  b lo o d  c o l l e c t i o n  in  h e p a r in iz e d  c a p i l l a r y  
tu b e s  by c a r d ia c  p u n c tu re ,  th e  b lo o d  was c e n t r i f u g e d  and  th e  p lasm a was 
s e p a r a te d  and  s to r e d  f r o z e n  u n t i l  a n a ly s e s  o f  horm ones.
P lasm a som atom edin-C  (Sm-C) c o n c e n t r a t io n s  w ere d e te rm in e d  u s in g  a  
h e te ro lo g o u s  rad io im m unoassay  (RIA) p ro c e d u re  d e v e lo p e d  by Daughaday e t  
a l . (1985) and  r e c e n t ly  v a l i d a t e d  a l s o  f o r  u se  i n  g u l f  k i l l i f i s h  by W ilson  
e t  a l .  ( i n  p r e s s ) .  The a n t i s e r a  to  human Sm-C (UBK-487) was p ro v id e d  by 
D rs . L o u is  E. Underwood and Ju d so n  J .  Van Wyk (D epartm en t o f  P e d i a t r i c  
E n d o c rin o lo g y , U n iv e r s i ty  o f  N o rth  C a r o l in a ,  C hapel H i l l )  a n d ,„ d is tr ib u te d
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by th e  N a tio n a l  Hormone and  P i t u i t a r y  Program . The io d in a te d  Sm-C was 
p u rc h a s e d  from  Amersham C orp. (A r lin g to n  H e ig h ts ,  I L ) .
I n  th e  p r e s e n t  s tu d y ,  p lasm a Sm-C l e v e l s  w ere d e te rm in e d  d i r e c t l y  
from  th e  p la sm a w ith o u t  p r i o r  a c id - e th a n o l  e x t r a c t i o n ,  a  m ethodology  
d e v e lo p e d  to  remove p o s s ib le  in t e r f e r e n c e  from  b in d in g  p r o t e i n s  in  
mammalian p lasm a (D aughaday e t  a l . , 1980; 1982 ). Sm-C l e v e l s  d e te rm in e d  
from  a c id - e th a n o l  e x t r a c t e d  p lasm a can  be  a s  much as  3 - f o l d  h ig h e r  th a n  
th o s e  o f  n a t iv e  o r  u n e x t r a c te d  p lasm a in  mammals (Daughaday e t  a l .  , 1980) . 
Our s tu d i e s  in d i c a te d  t h a t  th e r e  was l i t t l e  d i f f e r e n c e  i n  Sm-C l e v e l s  o f  
n a t iv e  and a c id - e th a n o l  e x t r a c t e d  p lasm a from  g u l f  k i l l i f i s h .  S im i la r  
f in d in g s  h ave  b een  r e p o r te d  p r e v io u s ly  i n  mammals ( F u r la n e t to  e t  a l .  . 
19 7 7 ). Clemmons and  Van Wyk (1984) s u g g e s te d  t h a t  th e  rem oval o f  b in d in g  
p r o t e i n s  by  a c id -c h ro m a to g ra p h y  o r  a c id - e th a n o l  e x t r a c t i o n  i s  n o t  
im p o r ta n t  p ro v id e d  t h a t  th e  a n tib o d y  h a s  s u f f i c i e n t l y  h ig h  a f f i n i t y .  The 
a n tib o d y  k in d ly  p ro v id e d  by D rs . Underwood and Van Wyk th ro u g h  th e  
N a tio n a l  Hormone D i s t r i b u t i o n  Program  o f  NIH-NIAMDDK a p p a r e n t ly  h a s  h ig h  
a f f i n i t y  f o r  Sm-C in  g u l f  k i l l i f i s h  p lasm a a c c o rd in g  to  t h i s  c r i t e r i o n .  
F u r th e rm o re , a c i d - e th a n o l  e x t r a c t i o n  in  a  few in s ta n c e s  p ro d u ced  c l e a r l y  
a b e r r a n t  d i f f e r e n c e s  and  was deemed l e s s  r e l i a b l e .
P lasm a c o n c e n t r a t io n s  o f  T3 and T4  w ere a s s a y e d  u s in g  com m ercial s o l i d  
p h ase  RIA k i t s  from  R a d io a ssa y  System s L a b o ra to r ie s  (C a rso n , CA). T hese 
k i t s  em ploy human p lasm a s ta n d a rd s  and w ere th e r e f o r e  m o d if ie d  and 
v a l i d a t e d  to  u se  f i s h  p lasm a s ta n d a r d s .  F is h  p lasm a s ta n d a r d s  w ere 
d e v e lo p e d  by  s t r i p p i n g  f i s h  p lasm a o f  a l l  th y r o id  and s t e r o i d  h o rm o n es. 
One ml o f  p o o le d  f i s h  p la sm a was in c u b a te d  o v e rn ig h t  w ith  0 .2  g N o rit-A
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c h a rc o a l  (Sigm a) i n  an  ic e  b a th .  F o llo w in g  c e n t r i f u g a t i o n ,  th e  r e s u l t i n g  
p lasm a f r e e  o f  T3, T4  and  s t e r o i d s  was s to r e d  f ro z e n .  S o lu t io n s  (5400 
n g /m l) o f  T3 and T4 w ere th e n  p re p a re d  and s e r i a l l y  d i l u t e d  to  p ro v id e  
s o lu t i o n s  o f  v a r io u s  c o n c e n t r a t i o n s . Ten jUl o f  eac h  o f  th e s e  s e r i a l  
s o lu t i o n s  w ere added  to  290 jLtl o f  th e  s t r i p p e d  f i s h  p la sm a to  p ro d u ce  th e  
a p p r o p r ia te  s ta n d a rd s  (0 , 1 , 2, 4 , 8 , 16, 32 and 64 n g /m l) .  Both th e  
p re p a re d  f i s h  and  human s ta n d a r d s ,  w hich w ere s u p p l ie d  w ith  th e  RIA k i t s ,  
w ere in c lu d e d  in  each  ru n  o f  unknown sam ples to  a l lo w  co m p ariso n s betw een  
th e  two s ta n d a r d s .  T here  was l i t t l e  d i f f e r e n c e  be tw een  th e  s ta n d a rd  
c u rv e s  b u t  a l l  T3  and  T4  l e v e l s  w ere d e te rm in e d  from  th e  f i s h  s ta n d a rd  
c u rv e s .  100 f i l  o f  p o o le d  p lasm a (4  f i s h /p o o l )  was u se d  f o r  th e  T3 a s s a y . 
Each t r e a tm e n t  g roup  p ro v id e d  3 p o o le d  p lasm a sam ples a t  each  tim e 
exam ined . Ten f i l  o f  p la sm a from  an in d iv id u a l  f i s h  was u se d  f o r  th e  T4  
a s s a y .  S e n s i t i v i t i e s  o f  th e  a s s a y s  w ere s t a t e d  by th e  m a n u fa c tu re r  to  be 
0 .2 5  ng /m l and  1 .0  ng /m l f o r  T3  and T4, r e s p e c t iv e l y .  I n t r a -  and 
in t e r a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n s  w ere l e s s  th a n  1 0 %.
D ata  i n  th e  e x p e rim e n t w ere a n a ly z e d  by one-w ay a n a ly s i s  o f  v a r ia n c e .  
Where F v a lu e s  in d i c a te d  s i g n i f i c a n t  d i f f e r e n c e s  (p < 0 .0 5 ) , th e  t r e a tm e n t  
means w ere com pared w ith  each  o th e r  by D uncan 's  m u l t ip l e  ra n g e  t e s t  a t  
p< 0 .05  l e v e l .
R e s u l t s
I n  th e  i n i t i a l  b lo o d  sam ples ta k e n  a t  t h r e e  tim e s  o f  day (0800 , 1600 
and  2 0 0 0 ) b e f o r e  hormone o r  s a l i n e  i n j e c t i o n s ,  th e  p la sm a  c o n c e n tr a t io n s  
o f  Sm-C w ere s i g n i f i c a n t l y  h ig h e r  a t  0800 th a n  a t  1600 and  2000 (p < 0 .0 5 ) 
(F ig .  1 ) .  T3  c o n c e n t r a t io n s  i n  th e  p la sm a w ere a l s o  g r e a t e r  a t  0800 th a n  
a t  1600 and  2000 (p < 0 .0 5 ) and  T4 l e v e l s  w ere g r e a t e r  a t  0800 th a n  a t  1600 
(p < 0 .0 5 ) ( F ig s .  2 - 3 ) .
The re s p o n s e s  to  GH i n j e c t i o n s  v a r i e d  w ith  th e  tim e  o f  i n j e c t i o n ,  th e  
tim e  o f  b lo o d  sam p lin g  and  th e  hormone a s s a y e d . P lasm a Sm-C l e v e l s  
in c r e a s e d  2 h o u rs  a f t e r  GH i n j e c t i o n s  a t  e ach  o f  th e  th r e e  i n j e c t i o n  tim es  
(F ig s .  4 - 6 ) .  However, th e  re s p o n s e  to  GH i n j e c t i o n  a t  1600 was m odest and 
t r a n s i e n t .  The c o n c e n t r a t io n s  d ropped  to  c o n t r o l  l e v e l s  by 6  h o u rs  a f t e r  
GH i n j e c t i o n s  g iv e n  a t  0800 and 1600 and  by 12 h o u rs  a f t e r  GH i n j e c t i o n s  
a t  2 0 0 0 .
T h y ro id  horm one re s p o n s e s  to  g row th  hormone a l s o  v a r i e d  w ith  th e  tim e 
o f  th e  GH i n j e c t i o n .  N e i th e r  T3  n o r  T4  l e v e l s  w ere s t im u la te d  fo llo w in g  
th e  i n j e c t i o n  a t  0800 ( F ig s .  7 and  8 ) .  On th e  o th e r  h an d , b o th  th y r o id  
horm ones w ere s t im u la te d  by GH i n j e c t i o n s  a t  1600 ( F ig s .  9 and  1 0 ) . T4  
c o n c e n t r a t io n s  w ere p a r t i c u l a r l y  in c r e a s e d ,  b e in g  a b o u t 3 tim e s  g r e a t e r  
th a n  th e  c o n t r o l  l e v e l s  a t  2 , 6  and  12 h o u rs  a f t e r  th e  GH i n j e c t i o n s  a t  
1600. I n j e c t i o n s  o f  GH a t  2000 s t im u la te d  T4  l e v e l s  a t  6  and 12 h o u rs  
p o s t i n j e c t i o n  (F ig s .  11 and  12) w hereas T3  l e v e l s  w ere unchanged .
P r o l a c t i n  a l s o  in d u c ed  tim e -d e p e n d e n t re s p o n s e s  i n  s e v e r a l  o f  th e  
horm ones t e s t e d .  PRL in d u c ed  in c r e a s e s  i n  Sm-C fo l lo w in g  each  o f  th e
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t h r e e  i n j e c t i o n  t im e s . The in c r e a s e  was e v id e n t  2 h o u rs  a f t e r  th e  0800 
i n j e c t i o n ,  6  h o u rs  a f t e r  th e  2 0 0 0  i n j e c t i o n  and  1 2  h o u rs  a f t e r  th e  1600 
i n j e c t i o n  ( F ig s .  4 - 6 ) .
T h y ro id  hormone re s p o n s e s  to  p r o l a c t i n  w ere a l s o  tim e -d e p e n d e n t 
( F ig s .  7 -1 2 ) .  P lasm a T3  b u t  n o t  p la sm a T4  was e le v a te d  2 h o u rs  a f t e r  PRL 
i n j e c t i o n s  a t  b o th  1600 and  2000. B oth T3  and  T4  c o n c e n t r a t io n s  w ere 
m a rk ed ly  in c r e a s e d  (2 - to  3 - f o ld )  12 h o u rs  a f t e r  th e  0800 i n j e c t i o n .  In  
a d d i t i o n ,  th e  p eak  d a i ly  c o n c e n t r a t io n  o f  T3  t h a t  o c c u rs  a t  0800 in  th e  
i n i t i a l  c o n t r o l  ( s e e  F ig . 11) was a b o l is h e d  by  PRL and  GH i n j e c t i o n s  g iv e n  
1 2  h o u rs  e a r l i e r  a t  2 0 0 0 .
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F ig u re  1. D a ily  v a r i a t i o n s  i n  p la sm a som atom edin-C  c o n c e n t r a t io n s  in
u n in j e c te d  and  s a l i n e - i n j e c t e d  m ale g u l f  k i l l i f i s h .  Means o f  





























F ig u re  2 . D a ily  v a r i a t i o n s  i n  p la sm a t r i io d o th y r o n in e  c o n c e n t r a t io n s  i n  
u n in j e c te d  and  s a l i n e - i n j e c t e d  m ale g u l f  k i l l i f i s h .  Means o f  
p la sm a T3 f o r  eac h  tim e  w ere c a l c u l a t e d  from  3 p o o le d  p lasm a 
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F ig u re  3 . D a ily  v a r i a t i o n s  i n  p la sm a th y ro x in e  c o n c e n t r a t io n s  in  
u n in j e c te d  and  s a l i n e - i n j e c t e d  m ale g u l f  k i l l i f i s h .  Means o f  
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F ig u re  4 . P lasm a som atom edin-C  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  
0  ( i n i t i a l  c o n t r o l ) ,  2 , 6  and 1 2  h o u rs  fo l lo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  g row th  horm one i n j e c t i o n s  a t  0800. 
Means o f  p la sm a Sm-C f o r  each  t r e a tm e n t  a t  eac h  tim e  w ere 
c a l c u l a t e d  from  8-12 f i s h .  Means h a v in g  th e  same l e t t e r  a re  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  eac h  o th e r  (p > 0 .0 5 , D uncan 's  


















□  Saline 
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F ig u re  5 . P lasm a som atom edin-C  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  
0  ( i n i t i a l  c o n t r o l ) ,  2 , 6  and  1 2  h o u rs  fo l lo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  grow th  hormone i n j e c t i o n s  a t  1600. 
Means o f  p la sm a Sm-C f o r  each  t r e a tm e n t  a t  each  tim e  w ere 
c a l c u l a t e d  from  8-12  f i s h .  Means h a v in g  th e  same l e t t e r  a re  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  eac h  o th e r  (p > 0 .0 5 , D uncan 's  





























F ig u re  6 . P lasm a som atom edin-C  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  
0  ( i n i t i a l  c o n t r o l ) ,  2 , 6  and  1 2  h o u rs  fo l lo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  g row th  horm one i n j e c t i o n s  a t  2 0 0 0 . 
Means o f  p la sm a Sm-C f o r  eac h  t r e a tm e n t  w ere c a l c u l a t e d  from  
8-12 f i s h .  Means h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from  each  o th e r  (p > 0 .0 5 , D u n can 's  m u l t ip l e  ran g e  
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F ig u re  7. P lasm a t r i io d o th y r o n i n e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  
a t  0  ( i n i t i a l  c o n t r o l ) ,  2 , 6  and 1 2  h o u rs  fo llo w in g  s a l i n e  
( c o n t r o l ) , p r o l a c t i n  and  grow th  hormone c o n c e n t r a t io n s  a t  
0800. Means o f  p la sm a T3 c o n c e n t r a t io n s  w ere o b ta in e d  from  
3 p o o le d  p lasm a sam ples (4  f i s h / p o o l )  p e r  tim e . Means h a v in g  
th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  each  



















□  Saline 
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F ig u re  8 . P lasm a th y ro x in e  c o n c e n tr a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  0 
( i n i t i a l  c o n t r o l ) ,  2 , 6  and  1 2  h o u rs  fo llo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  grow th  hormone i n j e c t i o n s  a t  0800. 
Means o f  p la sm a T4  c o n c e n tr a t io n s  w ere o b ta in e d  from  8-12  f i s h  
p e r  tim e . Means h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from  each  o th e r  (p > 0 .0 5 , D uncan 's  m u l t ip le  ran g e  
































F ig u re  9 . P lasm a t r i io d o th y r o n in e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  
a t  0 ( i n i t i a l  c o n t r o l ) ,  2 , 6  and 1 2  h o u rs  fo l lo w in g  s a l i n e  
( c o n t r o l ) ,  p r o l a c t i n  and  g row th  hormone i n j e c t i o n s  a t  1600. 
Means o f  p la sm a T3  c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  
p lasm a sam p les (4 f i s h / p o o l )  p e r  tim e . Means h a v in g  th e  same 
l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  each  o th e r  
(p > 0 .0 5 , D u n can 's  m u l t ip le  ra n g e  t e s t ) .
Plasma Triiodothyronine (ng/m l)
a  5> 















F ig u re  10 . P lasm a th y ro x in e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  0 
( i n i t i a l  c o n t r o l ) ,  2 , 6  and  1 2  h o u rs  fo llo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  grow th  hormone i n j e c t i o n s  a t  1600. 
Means o f  p la sm a T4  c o n c e n t r a t io n s  w ere o b ta in e d  from  8-12  f i s h  
p e r  t im e . Means h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from  each  o th e r  (p > 0 .0 5 , D u n can 's  m u l t ip l e  ran g e  
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F ig u re  11. P lasm a t r i io d o th y r o n i n e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  
a t  0  ( i n i t i a l  c o n t r o l ) ,  2 , 6  and 1 2  h o u rs  fo llo w in g  s a l i n e  
( c o n t r o l ) ,  p r o l a c t i n  and  grow th  horm one i n j e c t i o n s  a t  2 0 0 0 . 
Means o f  p la sm a T3  c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  
p lasm a sam p les (4  f i s h / p o o l )  p e r  tim e . Means h a v in g  th e  same 
l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from  each  o th e r  
(p > 0 .0 5 , D u n can 's  m u l t ip le  ra n g e  t e s t ) .
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F ig u re  12. P lasm a th y ro x in e  c o n c e n t r a t io n s  o f  m ale g u l f  k i l l i f i s h  a t  0 
( i n i t i a l  c o n t r o l ) ,  2 , 6  and  1 2  h o u rs  fo llo w in g  s a l i n e
( c o n t r o l ) ,  p r o l a c t i n  and  grow th  hormone i n j e c t i o n s  a t  2 0 0 0 . 
Means o f  p lasm a T4  c o n c e n t r a t io n s  w ere o b ta in e d  from  8-12 f i s h  
p e r  tim e . Means h a v in g  th e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from  each  o th e r  (p > 0 .0 5 , D u n can 's  m u l t ip le  ran g e  
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D isc u ss io n
The r e s u l t s  i n d i c a t e  t h a t  p r o l a c t i n  and  grow th  hormone i n j e c t i o n s  
made a t  3 d i f f e r e n t  tim e s  o f  day p ro d u ced  v a r i a b l e  som atom edin-C  and 
th y r o id  horm one re s p o n s e s  i n  g u l f  k i l l i f i s h .  The hormone re s p o n s e s  v a r i e d  
d ep en d in g  on th e  tim e  o f  day  when i n j e c t i o n s  w ere made, th e  tim e  o f  b lo o d  
sam p lin g  and  th e  hormone a s s a y e d . I n  a d d i t io n ,  PRL and GH in d u c ed  s im i l a r  
Sm-C re s p o n s e s  s u g g e s t in g  t h a t  PRL e f f e c t s  a r e  p ro b a b ly  m e d ia te d  by 
so m ato g en ic  r e c e p to r s  s h a re d  by GH. However, th y r o id  re s p o n s e s  to  PRL 
d i f f e r e d  from  t h a t  o f  GH in d i c a t i n g  t h a t  th e  a c t io n s  o f  th e  p i t u i t a r y  
horm ones w ith  r e s p e c t  to  th y r o id  horm ones a r e  d i f f e r e n t .
I n  mammals, som atom edins a r e  known to  m e d ia te  th e  a n a b o l ic  e f f e c t s  
e l i c i t e d  by GH such  a s  3 5 S -u p ta k e , 3H -th y m id in e  and 3H -u r id in e  
in c o r p o r a t io n s ,  and  g lu c o se  and  amino a c id  u p ta k e  in  s k e l e t a l  m u sc les  and 
a d ip o s e  t i s s u e s  (K ap lan , 1982; H a ll  and  S a ra ,  1 9 8 3 ). The grow th- 
p ro m o tin g  e f f e c t  o f  Sm-C h a s  a l s o  b e e n  d e m o n s tra te d  i n  mammals. 
I n j e c t i o n s  o f  Sm-C (5 in je c t io n s /w e e k )  f o r  5 weeks s t im u la te d  in c r e a s e s  
i n  so m a tic  g row th  i n  s n e l l  dw arf m ice (Van B u u l-O ffe rs  and  Van den  B rande, 
1979; V a n -B u u l-O ffe rs  e t  a l . , 1 9 8 8 ). The s t a t u s  and  a c t io n s  o f  Sm-C in  
t e l e o s t s  a r e  u n c l e a r .  I n  ra in b o w  t r o u t ,  in c re a s e d  3 5 S -u p ta k e  in  bone in  
re s p o n s e  to  GH and T4  i n j e c t i o n s  was th o u g h t to  be  m e d ia te d  by " s u lp h a t io n  
f a c t o r "  r e l e a s e d  from  l i v e r  t i s s u e s  (K om ourdjian  and  I d l e r ,  1 9 7 8 ). O th e r 
g ro w th -p ro m o tin g  a c t i v i t i e s  m e d ia te d  by Sm-C in  mammals h ave  n o t  y e t  been  
d e m o n s tra te d  in  t e l e o s t s .  R e c e n tly ,  p la sm a Sm-C l e v e l s  o f  th e  g u l f
94
95
k i l l i f i s h  w ere d i r e c t l y  c o r r e l a t e d  w ith  s e a s o n a l  changes i n  g row th  
in d i c a t i n g  a  r o l e  o f  Sm-C in  s t im u la t in g  g row th  (Gmata and  M e ie r, in  
p r e p a r a t i o n ) .
The in c r e a s e s  i n  p la sm a Sm-C in d u c ed  by GH in  th e  p r e s e n t  s tu d y  a r e  
com parab le  to  th e  e f f e c t s  o b se rv e d  in  mammals ( F u r la n e t to  e t  a l .  , 1977; 
B a la  e t  a l . , 1978; C opeland  e t  a l . , 1980; C h a te la in  e t  a l . , 1983; G recu 
e t  a l . , 1984) and in  t e l e o s t s  (F u n k e n s te in  e t  a l . , 1989; W ilson  e t  a l . , 
i n  p r e s s ) .
The re s p o n s e  tim e  o b se rv e d  i n  g u l f  k i l l i f i s h  (2 -6  h o u rs )  i s  a l s o  
com parab le  to  th o s e  r e p o r te d  i n  mammals. A lthough  Sm-C r e l e a s e  in  h e p a t ic  
p e r f u s a te  o c c u rs  a s  e a r l y  a s  0 .5  - 2 h o u rs  fo llo w in g  GH a d m in is t r a t io n  
(D aughaday e t  a l . , 1976; S c h a lc h  e t  a l . , 1979; Schw ander e t  a l . , 1983 ), 
s i g n i f i c a n t  in c r e a s e s  i n  p la sm a Sm-C l e v e l s  w ere n o t  o b se rv e d  u n t i l  4 
h o u rs  a f t e r  GH i n j e c t i o n s  (D 'E rc o le  e t  a l . , 1 9 8 4 ). I n c r e a s e s  i n  p lasm a 
Sm-C l e v e l s  i n  re sp o n se  t o  GH in  mammals a r e  a t t r i b u t e d  to  an  i n i t i a l  
r e l e a s e  o f  p re fo rm e d  Sm-C and a  l a t e r  more p ro lo n g e d  r e l e a s e  o f  new ly 
s y n th e s iz e d  p e p t id e  (S c h a lc h  e t  a l . , 1 9 7 9 ). Such a  d u a l r e a c t io n  to  GH 
c o u ld  a l s o  a c c o u n t f o r  th e  s l i g h t  t r a n s i t o r y  in c r e a s e  i n  Sm-C fo llo w in g  
th e  GH i n j e c t i o n  a t  0800 (p re fo rm e d  Sm-C) and  th e  p ro lo n g e d  r e l e a s e  (new 
Sm-C) fo l lo w in g  th e  2000 i n j e c t i o n  ( s e e  F ig s .  4 and  6 ) .
A lth o u g h  i t  h a s  b e e n  s tu d ie d  l e s s  i n t e n s i v e l y ,  PRL a l s o  h a s  b een  
shown to  s t im u la t e  som atom edin a c t i v i t y  and  p lasm a l e v e l s  i n  t e l e o s t s  
(W ilson  e t  a l .  , i n  p r e s s )  and  mammals (F ra n c is  and H i l l ,  1975; H i l l  e t  
a l . ,  1977; H o ld e r and  W a l l i s ,  1977; B a la  e t  a l . , 1 9 7 8 ). Sm-C
c o n c e n t r a t io n s  i n  th e  p la sm a w ere in c r e a s e d  be tw een  6  and  1 2  h o u rs  a f t e r
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PRL a d m in i s t r a t io n  (S c h a lc h  e t  a l . , 1979; Murphy e t  a l . , 1 9 8 8 ). B ecause 
PRL h a s  weak so m ato g en ic  e f f e c t s  s im i l a r  to  th e  s t r o n g e r  e f f e c t s  o f  GH in  
mammals, i t  was s u g g e s te d  t h a t  PRL b in d s  w ith  GH r e c e p to r s  (Underwood e t  
a l .  , 1980; Murphy e t  a l . , 1 9 8 8 ). S im i la r  c o n c lu s io n s  m ig h t j u s t  as
a p p r o p r i a t e l y  be  a p p l ie d  to  th e  p r e s e n t  s tu d y  o f  g u l f  k i l l i f i s h .
I t  m ig h t seem p la u s i b l e  t h a t  a  d a i l y  rhythm  o f  p la sm a Sm-C 
c o n c e n t r a t i o n ,  su ch  a s  th e  one d e m o n s tra te d  i n  t h i s  s tu d y  (F ig .  1 ) ,  would 
be  a d i r e c t  co n seq u en ce  o f  d a i ly  rhy thm s o f  GH and PRL. However, i t  i s  
e q u a l ly  p l a u s i b l e  t h a t  th e  Sm-C rhythm  w ould r e s u l t  from  a  rhythm  o f  
h e p a t i c  re s p o n s iv e n e s s  to  th e  so m ato g en ic  horm ones. R o b u st c i r c a d ia n  
v a r i a t i o n s  i n  h e p a t i c  l ip o g e n ic  re s p o n s iv e n e s s  to  i n s u l i n  ( C in c o t ta  and 
M e ie r , 1985) and  so m ato g en ic  re s p o n s iv e n e s s  to  g row th  hormone (W ilson  and 
M e ie r , i n  p r e p a r a t io n )  h av e  b een  d e m o n s tra te d  i n  h a m s te r s .  F u rth e rm o re , 
i n  g u l f  k i l l i f i s h ,  th e  p lasm a c o r t i s o l  rhy thm  p e r s i s t s  fo llo w in g  
hypophysectom y and i s  p h ase  a d ju s te d  by in v e r t i n g  th e  d a i l y  p h o to sc h e d u le  
( S r iv a s ta v a  and  M e ie r , 19 7 2 ). S im i la r  r e s u l t s  w ere o b ta in e d  in  
h y p o p h y sec to m ized  r a t s  im p la n te d  w ith  p e l l e t s  c o n ta in in g  ACTH and 
th y ro x in e  (M e ie r, 1 9 7 6 ). T hese a r e  c l e a r l y  c i r c a d i a n  rhy thm s o f  re s p o n s e s  
to  h o rm o n es.
I n  th e  p r e s e n t  s tu d y  a s  w e l l ,  th e r e  i s  e v id e n c e  t h a t  th e  Sm-C rhythm  
c o u ld  b e  th e  co n seq u en ce  o f  a  rhythm  o f  so m ato g en ic  r e s p o n s iv e n e s s .  PRL 
and  GH i n j e c t i o n s  w ere s t im u la to r y  when g iv e n  a t  2000 and  0800 b u t  o n ly  
s l i g h t l y  (GH) and  n o t  a t  a l l  (PRL) s t im u la to r y  when p ro v id e d  a t  1600. The 
g r e a t e s t  r e s p o n s iv e n e s s  a p p a r e n t ly  o c c u r re d  be tw een  2400 and 0800 ( s e e  
F ig s .  4 and  6 ) and  th e r e f o r e  c o u ld  have c o n t r ib u te d  to  th e  d a i ly  r i s e  o f
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Sm-C to  a  p eak  t h a t  o c c u r re d  n e a r  0800 in  th e  u n t r e a te d  f i s h  (F ig .  1 ) .  
T h a t i s ,  a  d a i ly  v a r i a t i o n  in  Sm-C c o u ld  o c c u r  even  i f  GH and PRL l e v e l s  
rem ain ed  f a i r l y  c o n s ta n t .
V a r ia b le  g r o w th - r e la te d  re s p o n s e s  to  PRL and  GH th ro u g h o u t th e  day 
have a l s o  b e e n  r e p o r te d  i n  mammals. H e p a tic  p e r f u s io n s  o f  PRL in  r a t s  
s t im u la te d  m arked in c r e a s e s  in  b io a c t iv e  som atom edin s e c r e t i o n  when 
p ro v id e d  a t  1100 b u t  h ad  no e f f e c t  a t  1500 ( H i l l  e t  a l .  , 19 7 7 ).
I n j e c t io n s  o f  PRL and GH s t r o n g ly  s t im u la te d  p la sm a Sm-C l e v e l s  d u r in g  a 
s h o r t  d a i l y  i n t e r v a l  ( 3-5  h o u rs )  a t  1600 and 0400, r e s p e c t i v e l y ,  b u t  had  
l i t t l e  o r  no e f f e c t  a t  o th e r  tim e s  o f  day in  h a m ste rs  (W ilson  and  M eie r, 
i n  p r e p a r a t i o n ) .  GH i n j e c t i o n s  s t im u la te d  g r e a t e r  in c r e a s e s  i n  p la sm a Sm- 
C l e v e l s  when g iv e n  d u r in g  th e  a f te rn o o n  th a n  in  th e  m orning  in  d a i r y  cows 
(D av is e t  a l .  , 19 8 7 ). I n  hum ans, GH h a s  g r e a t e r  g ro w th -p ro m o tin g
a c t i v i t i e s  a t  n ig h t  th a n  in  th e  a f te rn o o n  (Rudman e t  a l . , 1973 ).
T h y ro id  horm ones have p e rm is s iv e  s y n e r g i s t i c  r o l e s  i n  grow th  
a c t i v i t i e s  p o t e n t i a t i n g  th e  a n a b o l ic  e f f e c t s  o f  GH and an d ro g en s  in  
t e l e o s t s  (D onaldson  e t  a l .  , 1979; H iggs e t  a l .  , 1982; L e a th e r la n d ,  1982b). 
T h y ro id  horm ones augm ented GH and m e th y l te s to s te r o n e  s t im u la t io n  o f  
s k e l e t a l  g row th  (K om ourd jian  and I d l e r ,  1978; F a g e r lu n d  e t  a l .  , 1980; 
D egani and  D o so re tz , 1986; F a rb r id g e  and  L e a th e r la n d ,  1 9 8 8 ), so m a tic  
g row th  (H iggs e t  a l . , 1977; F a g e rlu n d  e t  a l . , 1980; R e f s t i e  e t  a l . , 1982; 
D egani and  D o so re tz , 1986) and  amino a c id  in c o r p o r a t io n  in t o  m uscle 
p r o t e i n s  (S m ith  and  T h o rp e , 1 9 7 7 ). T h y ro id  horm ones enhance g row th  in  
p a r t  by  in c r e a s in g  food  co n su m p tio n  and  c o n v e rs io n  e f f i c i e n c y  (G ross  e t  
a l .  . 1963; B jo rk lu n d , 1965; H iggs e t  a l . , 1 9 7 7 ).
98
The t e l e o s t  th y r o id  p ro d u c e s  T4  o f  w hich  a b o u t 70% i s  su b s e q u e n tly  
c o n v e r te d  to  T3  by p e r ip h e r a l  m o n o d e io d in a tio n  t h a t  o c c u rs  p r im a r i ly  i n  th e  
l i v e r  (H iggs and  E a le s ,  1977; E a le s ,  1 9 8 5 ). S e p a ra te  r e g u la t i o n  o f  T3 and 
T4  i s  a p p a re n t  in  co m p ariso n  o f  t h e i r  d a i l y  rh y th m s. T here  w ere m arked 
d a i ly  v a r i a t i o n s  i n  p la sm a T3, w hereas T4  rem a in ed  f a i r l y  c o n s ta n t  
th ro u g h o u t th e  day . D a ily  v a r i a t i o n s  i n  b o th  T3  and  T4  h ave  b e e n  r e p o r te d  
i n  g o ld f i s h  ( S p ie l e r  and  N oeske, 1979) and  ra inbow  t r o u t  (E a le s  e t  a l . , 
1981 ).
P re v io u s  s tu d ie s  have  c o n s i s t e n t l y  shown t h a t  GH i s  s t im u la to r y  to  
t h y r o id  horm one l e v e l s  (G rau  and S te t s o n ,  1979; M ilne and  L e a th e r la n d ,  
1978; De Luze and  L e lo u p , 1983; L eloup  and  De L uze, 1 9 8 4 ). However, th e  
p r e s e n t  s tu d y  in d i c a t e s  t h a t  th y r o id  hormone re s p o n s e s  to  GH a r e  f a r  more 
u n p r e d ic ta b le  when tim e  o f  day  i s  c o n s id e re d .  GH s t im u la te d  d ra m a tic  
in c r e a s e s  i n  th y ro x in e  c o n c e n t r a t io n s  when i n j e c t e d  a t  1600. P lasm a T4  
c o n c e n t r a t io n s  w ere in c r e a s e d  2-3  tim e s  g r e a t e r  th a n  c o n t r o l  l e v e l s  
b e g in n in g  a t  2 h o u rs  a f t e r  GH i n j e c t i o n  and e x te n d in g  f o r  a t  l e a s t  12 
h o u rs .  On th e  o th e r  h an d , GH was c o m p le te ly  i n e f f e c t i v e  when i n j e c t e d  a t  
0800, and  th e  T4  r e s p o n s e  to  GH a t  2000 was d e la y e d  u n t i l  6  h o u rs  a f t e r  th e  
i n j e c t i o n .  T hus, GH a p p e a rs  to  b e  a  p o te n t  th y r o t r o p ic  horm one, b u t  o n ly  
f o r  p a r t  o f  th e  day . T3  r e s p o n s e  somewhat p a r a l l e l e d  th e  T4  re s p o n s e s  in  
t h a t  GH i n j e c t i o n s  a t  1600 a l s o  s t im u la te d  T3 i n c r e a s e s .  The tim in g  f o r  
th e  T3  and  T4  r e s p o n s e s  d i f f e r e d  from  t h a t  o f  th e  som atom edin re s p o n s e s  to  
GH. F or exam ple , GH was m ost s t im u la to r y  f o r  T4  and  T3  when i n j e c t e d  a t  
1600, b u t  was l e a s t  s t im u la to r y  f o r  Sm-C a t  t h a t  tim e .
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T h y ro id  hormone re s p o n s e s  to  PRL d id  n o t  p a r a l l e l  th e  re s p o n s e s  to  GH, 
i n d i c a t i n g  t h a t  th e  p i t u i t a r y  horm ones a c t  s e p a r a t e ly .  PRL h ad  s t r o n g  
s t im u la to r y  e f f e c t s  on b o th  T4  and  T3  12 h o u rs  a f t e r  th e  0800 i n j e c t i o n .  
PRL a l s o  s t im u la te d  in c r e a s e s  i n  T3, b u t  n o t  T4, a t  2 and  6  h o u rs  a f t e r  th e  
2000 i n j e c t i o n .  I t  i s  c u r io u s  t h a t  an  e f f e c t  sh o u ld  ta k e  o n ly  2 h o u rs  a t  
one tim e  and  12 h o u rs  a t  a n o th e r .  However, i t  seems n o te w o rth y  t h a t  
in c r e a s e s  i n  T3  o c c u r re d  n e a r  2000 in  a l l  g ro u p s t r e a t e d  w ith  PRL 
r e g a r d l e s s  o f  i n j e c t i o n  t im e . PRL and GH d id  s h a re  one e f f e c t :  b o th  
c a u se d  a  d e c re a se d  in  T3  12 h o u rs  a f t e r  th e  2000 i n j e c t i o n s .  A c c o rd in g ly , 
b o th  PRL and  GH h ad  s t im u la to r y ,  i n h i b i t o r y  and no e f f e c t s  on T3  l e v e l s  
t h a t  v a r i e d  w ith  tim e .
S t im u la to ry ,  i n h i b i t o r y  and  no e f f e c t s  o f  PRL on th y r o id  hormone 
l e v e l s  a r e  a l s o  r e p o r te d  i n  th e  l i t e r a t u r e ,  e x c e p t t h a t  th e y  w ere r e p o r te d  
f o r  d i f f e r e n t  s p e c ie s  and  by d i f f e r e n t  a u th o r s  w ith o u t  r e s p e c t  to  tim e  o f  
day . PRL s t im u la te d  T3, b u t  i n h i b i t e d  T4, i n  th e  E uropean  e e l  (L eloup  and 
de L uze, 1979; 1 9 8 0 ), h ad  no e f f e c t s  on b o th  T3  and  T4  i n  ra inbow  t r o u t  and 
coho salm on (M ilne and L e a th e r la n d ,  1978; 1980; L e a th e r la n d ,  1982) and 
i n h i b i t e d  T4, b u t  n o t  T3, i n  th e  mummichog, F undu lus h e t e r o c l i t u s  (G rau and 
S te t s o n ,  1977; Brown and  S te t s o n ,  1 9 8 3 ). Are a l l  th e s e  c o n f l i c t i n g  
r e s u l t s  due to  s p e c ie s  d i f f e r e n c e s  a s  i s  so  o f t e n  assum ed when b i o l o g i s t s  
a r e  c o n f ro n te d  w ith  such  p e rp le x in g  r e s u l t s ?
C ir c a d ia n  rhythm s o f  re s p o n s iv e n e s s  to  PRL and GH c o u p le d  w ith  th e  
c i r c a d i a n  PRL and  GH rhy thm s t h a t  change in  t h e i r  p h ase  r e l a t i o n s h i p s  w ith  
r e s p e c t  to  th e  re s p o n s e  rhythm s p ro v id e  a  fram ew ork f o r  te m p o ra l 
i n t e r a c t i o n  w hich c o u ld  p ro d u ce  a  sp ec tru m  o f  p h y s io lo g ic a l  c o n d i t io n s .
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F or exam ple , i f  h ig h  PRL o r  GH l e v e l s  o c c u r  a t  th e  tim e  o f  h ig h  Sm-C o r  
th y r o id  horm one r e s p o n s iv e n e s s  to  th e  so m ato g en ic  horm ones, th e n  one m igh t 
e x p e c t  maximum g ro w th . On th e  o th e r  h an d , l a r g e r  am ounts o f  PRL and GH 
d u r in g  a  d a i l y  i n t e r v a l  o f  low r e s p o n s iv e n e s s  w ould p ro d u ce  m inim al 
e f f e c t s .  Inasm uch a s  PRL h a s  a l s o  b een  shown to  have  tim e -o f -d a y
d ep en d e n t e f f e c t s  on body f a t  s t o r e s , r e p r o d u c t iv e  a c t i v i t i e s ,
o s m o re g u la tio n  and  s a l i n i t y  s e l e c t i o n  i n  th e  g u l f  k i l l i f i s h  ( f o r  re v ie w ,
s e e  M e ie r , 1 9 8 5 ), th e  te m p o ra l i n t e r a c t i o n  o f  c i r c a d i a n  s t im u lu s  and
re s p o n s e  rhy thm s may w e l l  have m a jo r r o l e s  i n  s u p p o r t in g  ch an g in g  
com plexes o f  p h y s io lo g ic a l  and  b e h a v io r a l  c o n d i t io n s .
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CHAPTER 4
D a ily  V a r ia t io n s  i n  P lasm a Hormone C o n c e n tra t io n s  D uring  th e  S em ilu n ar 
Spawning C ycle o f  th e  G u lf  K i l l i f i s h ,  F undu lus p ra n d is
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A b s t r a c t
M ale and fem a le  g u l f  k i l l i f i s h ,  F undu lus e r a n d i s . w ere k e p t  in  
l a r g e  c a g e s  subm erged in  t h e i r  n a t u r a l  h a b i t a t  i n  th e  G u lf  o f  M exico. 
Gonad w e ig h ts  (g o n ad o so m atic  in d i c e s :  GSI) and  b lo o d  sam ples w ere 
o b ta in e d  e v e ry  4 h o u rs  (b e g in n in g  a t  1200) th ro u g h o u t a  day  on 3 
s e p a r a t e  days o f  th e  s e m ilu n a r  c y c le :  a t  th e  GSI p eak  ( J u ly  2 7 -2 8 ) ,  a t  
m id c y c le  (A ugust 2 -3 ) and on a  day p r i o r  to  th e  GSI p eak  (A ugust 9 -1 0 ) .  
B lood  sam ples w ere a s sa y e d  f o r  c o r t i s o l  (C) , e s t r a d i o l - 17)0 (E 2 ) , 
p ro g e s te ro n e  ( P ) , t e s t o s t e r o n e  ( T ) , th y ro x in e  (T^) and  t r i io d o th y r o n in e  
(T 3 ) .  The d a i ly  rhythm s o f  horm ones a t  th e  th r e e  days d u r in g  th e  c y c le  
d i f f e r e d  m ark ed ly  from  one a n o th e r .  In  fe m a le s , th e  mean d a i l y  GSI a t  
th e  spaw ning  p eak  ( J u ly  2 7 -28 ) was s i g n i f i c a n t l y  h ig h e r  th a n  th o s e  o f  
f i s h  exam ined on A ugust 2 -3  and on A ugust 9 -1 0 . A t th e  spaw ning p eak ,
E2  and  T3  p eak s  o c c u r re d  a t  1200, T and P p eak s  w ere found  a t  2400 and 
th e  GSI and  C p eak s  w ere a t  0400. The GSI d e c re a s e d  s h a r p ly  a t  0800 
in d i c a t i n g  a  p e r io d  o f  p ro b a b le  spaw ning . A t m id c y c le , m ost hormone 
l e v e l s  w ere low th ro u g h o u t th e  day and th e  a m p litu d e s  o f  th e  hormone 
rhy thm s w ere s u p p re s se d . One day p r i o r  to  th e  GSI p eak , T and P 
v a r i a t i o n s  (p eak s  a t  2400) w ere s im i l a r  to  th o s e  fou n d  on th e  day o f  th e  
GSI p e a k . D a ily  v a r i a t i o n s  o f  o th e r  horm ones, e s p e c i a l l y  E2 , w ere 
p ro m in e n t b u t  d i f f e r e n t  from  th o s e  fou n d  on th e  day  o f  p eak  G SI. In  
m a le s , th e  mean d a i ly  G S I 's  on J u ly  27-28 and  A ugust 9 -10  w ere 
s i g n i f i c a n t l y  h ig h e r  th a n  th o s e  o f  f i s h  exam ined on A ugust 2 -3 . P lasm a
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c o n c e n t r a t io n s  o f  C, T3  and  T4  b u t  n o t  o f  T a l s o  u n d erw en t d a i ly  
v a r i a t i o n s  t h a t  d i f f e r e d  d u r in g  th e  c y c le .  The r e s u l t s  c l e a r l y  
d e m o n s tra te  t h a t  th e r e  a r e  c y c l i c  changes i n  th e  d a i l y  v a r i a t i o n s  o f  
p la sm a horm one c o n c e n t r a t io n s  d u r in g  th e  s e m ilu n a r  spaw ning  c y c le .
In tr o d u c tio n
S em ilu n a r and  lu n a r  c y c le s  o f  r e p r o d u c t iv e  a c t i v i t i e s  h ave  b een  
o b se rv e d  in  many t e l e o s t  s p e c ie s  b e lo n g in g  to  a t  l e a s t  f o u r  o r d e r s  and 
n in e  f a m i l i e s  (Schw assm an, 1971; Jo h a n n e s , 1978; G re e le y , 1984; T a y lo r ,  
1984; G re e le y  e t  a l . , 1 9 8 6 ). S em ilu n ar c y c le s  have a l s o  b e e n  n o te d  
r e s p e c t in g  g row th  (F a rb r id g e  and  L e a th e r la n d ,  1987a, c ) ,  o t o l i t h  r in g  
fo rm a tio n  ( P a n e l l a ,  1974; Campana, 1 9 8 4 ), o c c u la r  s e n s i t i v i t y  (Lang, 
1977) and  th e rm o re g u la t io n  (K a v a l ie r s ,  1 9 8 2 ). The s e m ilu n a r  c y c le  i s  
a p p a r e n t ly  a  b a s ic  o rg a n ism a l c y c le  in  many f i s h .
S em ilu n a r c y c le s  o f  r e p r o d u c t iv e  a c t i v i t i e s  have b e e n  r e p o r te d  in  
th e  g u l f  k i l l i f i s h ,  Fundu lus g r a n d i s ,  exam ined in  th e  n a t u r a l  
en v iro n m en t (G re e le y  and M acG regor, 1983; G re e le y  e t  a l . , 1988a) a s  w e ll  
a s  u n d e r  c o n s ta n t  l a b o r a to r y  c o n d i t io n s  (H siao  and  M e ie r , 1986; 1 9 8 8 ). 
The p e r io d  o f  t h i s  c y c le  i s  n e a r  13 .7  days u n d e r b o th  n a t u r a l  and  
la b o r a to r y  c o n d i t io n s  and  m atches th e  t i d a l  c y c le  i n  th e  G u lf  o f  M exico 
w h ich  i s  an  e x p re s s io n  o f  th e  d e c l i n a t i o n a l  c y c le  (2 7 .3  d a y s )  o f  th e  
moon. S em ilu n ar c y c le s  o f  lo c o m o to r a c t i v i t y  and  o t o l i t h  r i n g  fo rm a tio n  
have a l s o  b een  o b se rv e d  i n  th e  g u l f  k i l l i f i s h  h e ld  u n d e r  c o n s ta n t  
l a b o r a to r y  c o n d i t io n s  (M eier and  H sia o , 19 8 8 ).
U n d e r ly in g  horm onal r e g u la t i o n  o f  th e  s e m ilu n a r  c y c le  h a s  seldom  
b e e n  i n v e s t i g a t e d .  P lasm a c o n c e n t r a t io n s  o f  e s t r a d i o l -17 , c o r t i s o l  and 
t e s t o s t e r o n e  w ere d e te rm in e d  d u r in g  th e  s e m ilu n a r  r e p r o d u c t iv e  c y c le  o f  
F undu lus g ra n d is  (G re e le y  e t  a l . , 1988) and  F undu lus h e t e r o c l i t u s
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(T a y lo r ,  1986; B ra d fo rd  and  T a y lo r ,  1987; C ochran  e t  a l  (1988) and 
p lasm a th y ro x in e  l e v e l s  w ere shown to  t r a c e  a  s e m ilu n a r  c y c le  i n  coho 
salm on ( O ncorhvnchus k i s u tc h )  (F a rb r id g e  and L e a th e r la n d ,  1 9 87b). D a ily  
v a r i a t i o n s  i n  th e  c o n c e n t r a t io n s  o f  horm ones in v o lv e d  i n  r e p r o d u c t io n  
have  b e e n  r e p o r te d  i n  s e v e r a l  t e l e o s t s  (H o n te la  and  P e te r ,  1978; Crim , 
1982; Lamba e t  a l . , 1983; Zohar and  B i l l a r d ,  1984; Cyr e t  a l . , 1 9 8 8 ). 
H owever, th e s e  s p e c ie s  a r e  s e a s o n a l  spaw ners w hich  do n o t  e x h i b i t  
s e m ilu n a r  spaw ning  c y c l e s .  D a ily  hormone rhy thm s have im p o r ta n t r o l e s  
i n  o th e r  r e p r o d u c t iv e  c y c le s  such  a s  th e  ro d e n t  e s t r o u s  c y c le .
In  th e  p r e s e n t  s tu d y ,  g u l f  k i l l i f i s h  w ere h e ld  in  l a r g e  cag e s  
subm erged in  t h e i r  n a t u r a l  h a b i t a t .  Gonad and  b lo o d  sam ples w ere ta k e n  
from  f i s h  e v e ry  4 h o u rs  th ro u g h o u t a  day on th r e e  days d u r in g  th e  
s e m ilu n a r  spaw ning  c y c le .  P lasm a sam ples w ere a n a ly z e d  f o r  d a i ly  
rhy thm s o f  c o r t i s o l ,  e s t r a d i o l -17)3, p ro g e s te ro n e ,  t e s t o s t e r o n e ,  
th y ro x in e  and  t r i i o d o th y r o n i n e  c o n c e n t r a t i o n s .
M a te r ia ls  and  M ethods
A nim als
Male and  fem a le  g u l f  k i l l i f i s h  w ere o b ta in e d  from  a  com m ercial b a i t  
d e a l e r  i n  S ou th  L o u is ia n a  and  k e p t  i n  f i s h  c ag e s  (4  f t  X 4 f t  X 4 f t )  a t  
a  s to c k in g  r a t e  o f  300 f i s h / c a g e .  The c ag e s  w ere made o f  3 /4 "  PVC p ip e s  
c o v e re d  w ith  a  1 /2 "  n e t  m esh. They w ere k e p t  a f l o a t  by capped  4" PVC 
p ip e s  a t  th e  f a c i l i t i e s  o f  L o u is ia n a  U n iv e r s i t i e s  M arine C onsortium  
(LUMCON) w i th in  th e  n a t u r a l  en v iro n m en t o f  th e  g u l f  k i l l i f i s h .  The f i s h  
w ere fe d  ad  l i b i tu m  w ith  c ru s h e d  b lu e  c r a b s .
Sample C o l l e c t io n
The s e m ilu n a r  spaw ning  c y c le  o f  th e  g u l f  k i l l i f i s h  d u r in g  th e  
summer was a p p ro x im a te d  from  gonad sam ples o f  f e r a l  f i s h  c o l l e c t e d  a t  
f r e q u e n t  b u t  i r r e g u l a r  days and  from  d a i l y  egg c o l l e c t i o n s  o f  f i s h  k e p t 
in d o o r s ,  s in c e  th e  spaw ning  c y c le  h a s  a  p r e d i c t a b l e  p e r io d  o f  n e a r  1 3 .7  
days i n  f i s h  h e ld  u n d e r b o th  n a t u r a l  and  l a b o r a to r y  c o n d i t io n s  ( s e e  
I n t r o d u c t io n  and  F ig . 1 ) .  A f te r  a t  l e a s t  2 weeks o f  a c c l im a t io n ,  g roups 
o f  f i s h  (8 -1 0  m ales and  8 -10  fe m a le s /g ro u p )  w ere sam pled  e v e ry  4 h o u rs  
( s t a r t i n g  a t  1200) f o r  one day on 3 d a te s  o f  th e  s e m ilu n a r  spaw ning 
c y c le :  J u ly  27-28  (p ro b a b le  spaw ning  p e a k ) ,  A ugust 2 -3  (m id cy c le )  and 
A ugust 9 -10  (a  day p r i o r  to  th e  p ro b a b le  spaw ning p e a k ) .  A t a l l  
sam p lin g  t im e s , th e  g ro u p s o f  a n im a ls  w ere rem oved from  th e  cag e s  and 
im m ed ia te ly  im m ersed in  0.01% t r i c a i n e  m e th a n e s u lfo n a te  (MS-222, S igm a).
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B lood was c o l l e c t e d  in  h e p a r in iz e d  c a p i l l a r y  tu b e s  by  c a r d ia c  p u n c tu r e . 
P lasm a was s e p a r a te d  by c e n t r i f u g a t i o n ,  c o l l e c t e d  i n  m ic ro fu g e  tu b e s  and 
s to r e d  a t  -20°C u n t i l  a s s a y .  P lasm a sam ples w ere p o o le d  from  3 a n im a ls  
o f  th e  same se x  f o r  horm onal a n a ly s e s .  Gonads w ere d i s s e c t e d  and  
w eighed  to  d e te rm in e  th e  g o nadosom atic  in d e x  (G SI, gonad w e ig h t/b o d y  
w e ig h t X 1 0 0 ).
A ssay  P ro c e d u re s
P lasm a c o n c e n t r a t io n s  o f  c o r t i s o l  (C ) , t e s t o s t e r o n e  ( T ) , th y ro x in e  
(T^) and  t r i i o d o th y r o n in e  (T 3 ) w ere d e te rm in e d  u s in g  com m ercia l s o l i d  
p h ase  RIA k i t s  from  Cam bridge M ed ica l D ia g n o s tic s  ( B i l l e r i c a ,  MA).
T hese k i t s  em ploy human p lasm a s ta n d a rd s  and  w ere th e r e f o r e  m o d if ie d  and 
v a l i d a t e d  to  u se  f i s h  p la sm a s ta n d a r d s .  F is h  p lasm a s ta n d a r d s  w ere 
d ev e lo p e d  by s t r i p p i n g  f i s h  p la sm a o f  a l l  th y r o id  and  s t e r o i d  horm ones 
fo llo w in g  th e  p ro c e d u re  d e s c r ib e d  by  S p ie l e r  and  Noeske (1 9 7 9 ) . F iv e  ml 
o f  p o o le d  f i s h  p la sm a w ere in c u b a te d  o v e rn ig h t  w ith  1 g N o r it-A  c h a rc o a l  
(Sigm a) i n  an  ic e  b a th .  F o llo w in g  c e n t r i f u g a t i o n ,  th e  r e s u l t i n g  p lasm a 
f r e e  o f  T3 , and  s t e r o i d s  was s to r e d  f r o z e n .  S o lu t io n s  (1 0 ,8 0 0  n g /m l, 
C; 5400 n g /m l, T, T3  and T^) w ere th e n  p re p a re d  and s e r i a l l y  d i l u t e d  to  
p ro v id e  s o lu t i o n s  o f  v a r io u s  c o n c e n t r a t io n s .  Ten /i 1 o f  each  o f  th e s e  
s e r i a l  s o lu t i o n s  w ere added  to  290 jLtl o f  th e  s t r i p p e d  f i s h  p la sm a  to  
p ro d u ce  a p p r o p r ia te  s ta n d a r d s  (10 -750  ng /m l C, 0 .0 1 -1 0  ng /m l T, 0 -64  
ng /m l T3  and T ^ ) . B oth th e  p re p a re d  and th e  human s ta n d a r d s ,  w hich  were 
s u p p l ie d  w ith  th e  RIA k i t s , w ere in c lu d e d  in  each  ru n  o f  unknown sam ples 
to  a l lo w  co m p ariso n s be tw een  th e  two s ta n d a r d s .  T here  was l i t t l e
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a p p r e c ia b le  d i f f e r e n c e  b e tw een  th e  s ta n d a r d  c u rv e s  b u t  a l l  C, T, T3  and 
T4  l e v e l s  w ere d e te rm in e d  from  th e  f i s h  s ta n d a r d  c u rv e s .  1 0 0  /xl o f  
p o o le d  p lasm a (3 f i s h / p o o l )  w ere u se d  f o r  th e  T and  T3  a s s a y .  T here  
w ere 3 p o o le d  p lasm a sam p les p e r  tim e . Ten /Xl o f  p la sm a from  5 
in d i v id u a l  f i s h  was u se d  f o r  th e  C and T4  a s s a y s .  S e n s i t i v i t i e s  o f  th e  
a s s a y s  w ere s t a t e d  by  th e  m a n u fa c tu re r  to  be  5 .4  ng /m l (C ) , 0 .0 4  ng /m l 
( T ) , 1 ng /m l (T^) and  0 .0 2  ng /m l (T 3 ) .  The i n t r a -  and  in t e r a s s a y  
c o e f f i c i e n t s  o f  v a r i a t i o n s  o b ta in e d  from  1 0  sam p les f o r  eac h  a s s a y  w ere 
l e s s  th a n  1 0 %.
Plasm a e s t r a d i o l -17/3 (E 2 ) and p ro g e s te ro n e  (P ) c o n c e n t r a t io n s  w ere 
d e te rm in e d  fo llo w in g  th e  p ro c e d u re  d e s c r ib e d  by  C ochran  e t  a l .  (1 9 8 8 ). 
Sam ples c o n s i s t e d  o f  100 Jtxl p lasm a m ixed w ith  400 /Xl o f  0.1M p h o sp h a te  
b u f f e r  (PB, pH 7 .4 )  c o n ta in in g  0.1% g e l a t i n .  An a d d i t i o n a l  50 /Xl PB 
c o n ta in in g  a p p ro x im a te ly  5 ,0 0 0  cpm ^ H - e s t r a d io l -17/3 (sp  a c t  /xCi/mM) o r  
% - p r o g e s te r o n e  (sp  a c t  /XCi/mM), p u rc h a se d  from  Amersham C orp.
( A r l in g to n  H e ig h ts , I L ) , was added  to  eac h  tu b e  to  d e te rm in e  re c o v e ry  o f  
th e  e x t r a c t i o n  p ro c e d u re . E2  o r  P was e x t r a c t e d  tw ic e  w ith  1 :1 0  (v o l)  
an h y d ro u s e th y l  e t h e r .  F o llo w in g  v o r te x  and c e n t r i f u g a t i o n  (3 ,0 0 0 g )  o f  
th e  s o l u t i o n ,  th e  tu b e s  w ere s n a p - f ro z e n .  The o rg a n ic  p h ase  was 
d e c a n te d  and  d r i e d  c o m p le te ly  i n  a  warm (45°C) w a te r  b a th  u n d e r g e n t le  
a i r  f lo w . The d r i e d  r e s id u e  was r e c o n s t i t u t e d  w ith  500 /xl PB. L ab e led  
E2  o r  P was added  a t  a p p ro x im a te ly  10 ,0 0 0  cpm (100 /x l) to  eac h  tu b e .
The a n t i s e r a  to  E2  and  P w ere k in d ly  p ro v id e d  by D r. D. Thompson (Anim al 
S c ie n c e  D e p t . ,  LSU) and  w ere u se d  a t  a  c o n c e n t r a t io n  o f  1 :7 0 ,0 0 0  and 
1 :1 0 ,0 0 0 , r e s p e c t i v e l y .  The c h a r a c t e r i s t i c s  o f  b o th  a n t i s e r a  have b een
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d e s c r ib e d  by Thompson e t  a l . , (1983) and  G ib o r i  e t  a l  (1 9 7 7 ). E2  o r  P 
a n t is e ru m  ( 2 0 0  jLil) was added  to  each  tu b e  w hich  was th e n  v o r te x e d  and 
in c u b a te d  o v e rn ig h t  u n d e r r e f r i g e r a t i o n .  F o llo w in g  a d d i t i o n  o f  500 f i l  
1% c h a rc o a l  (D e x tra n , P f a n s t i e h l  L a b o r a to r ie s ,  IL ) s u s p e n s io n  in  PB, th e  
tu b e s  w ere c e n t r i f u g e d  a t  3 ,0 0 0 g  f o r  20 m in s. The s u p e r n a ta n t  was 
d e c a n te d  in t o  s c i n t i l l a t i o n  v i a l s  c o n ta in in g  1 0  ml o f  s c i n t i l l a t i o n  
c o c k t a i l  ( L i q u i s c in t ,  N a t io n a l  D ia g n o s t ic s ,  N J ) . V ia l s  w ere c o u n te d  f o r  
10 m ins i n  a  Beckman l i q u i d  s c i n t i l l a t i o n  c o u n te r .  E2  and  P s ta n d a rd s  
i n  f i s h  p la sm a w ere d ev e lo p e d  a s  d e s c r ib e d  p r e v io u s ly  and  ran g e  from  0  - 
4 .1 6  n g /m l. I n t r a -  and  in t e r a s s a y  c o e f f i c i e n t s  o f  v a r i a t i o n s  
c a l c u l a t e d  from  10 sam p les w ere l e s s  th a n  10%. B oth a s s a y s  h ad  a 
s e n s i t i v i t y  o f  0 .0 1  n g /m l. The e x t r a c t i o n  p ro c e d u re  h ad  r e c o v e r i e s  o f  
91% (E2 ) and  93% ( P ) .
S t a t i s t i c a l  A n a ly s is
D ata  w ere a n a ly z e d  by  one-w ay a n a l y s i s  o f  v a r ia n c e .  Where F v a lu e s  
in d i c a te d  s i g n i f i c a n t  d i f f e r e n c e s  (p < 0 .0 5 ) , th e  means o f  GSI and  p lasm a 
horm one c o n c e n t r a t io n s  p e r  tim e  w ere com pared w ith  each  o f  th e  o th e r  
tim e s  o f  day by  D un can 's  m u l t ip le  ra n g e  t e s t  (MRT) a t  p< 0 .05  l e v e l .
R e s u l t s
D a ily  rhy thm s o f  p la sm a  hormone c o n c e n t r a t io n s  w ere o b s e rv e d  in  
fem a le  k i l l i f i s h  sam pled  on th r e e  s e p a r a t e  days o f  th e  s e m ilu n a r  c y c le .  
On J u ly  2 7 -2 8 , p la sm a  E2  l e v e l s  w ere g r e a t e r  a t  1200 ( J u ly  27) th a n  a t  
2400 ( J u ly  28) (p < 0 .0 5 , MRT) (F ig . 2 ) .  The p eak  o f  p la sm a T3  
c o n c e n t r a t io n  a t  1 2 0 0  was g r e a t e r  th a n  th e  c o n c e n t r a t io n  a t  0800 
(p < 0 .0 5 , MRT). B oth  p la sm a T and  P c o n c e n t r a t io n s  w ere g r e a t e s t  a t  2400 
and  rem a in ed  a t  o r  n e a r  n o n d e te c ta b le  l e v e l s  a t  th e  o th e r  f i v e  tim e s  o f  
d ay . The p lasm a C c o n c e n t r a t i o n  was g r e a t e r  a t  0400 th a n  a t  th e  o th e r  
f i v e  tim e s  o f  day (p < 0 .0 5 , MRT).
A t m id c y c le  on A ugust 2 -3 , th e r e  was l i t t l e  horm one v a r i a b i l i t y .  
P lasm a E2 , T, P and  T3  c o n c e n t r a t io n s  d id  n o t  v a ry  d u r in g  th e  day  (F ig . 
3 ) .  A rhy thm  o f  C w ith  m odest a m p litu d e  was o b s e rv e d . The h ig h e s t  C 
l e v e l  a t  1200 was g r e a t e r  th a n  th o s e  a t  2400, 0400 and  0800 (p < 0 .0 5 , 
MRT). However, t h i s  p eak  v a lu e  i s  o n ly  h a l f  o f  t h a t  on J u ly  27-28  n o te d  
a b o v e .
The d a i l y  p r o f i l e s  o f  p lasm a T and  P on A ugust 9 -10  w ere s im i l a r  to  
th o s e  o f  J u ly  27-28  (F ig .  4 ) .  The g r e a t e s t  c o n c e n t r a t io n s  w ere a t  1200. 
D a ily  v a r i a t i o n s  i n  p la sm a  E2  c o n c e n t r a t io n s  w ere a l s o  o b se rv e d  on 
A ugust 9 -1 0 , b u t  th e  tim e s  o f  h ig h e s t  E2  l e v e l s  (2000 and  0400) d id  n o t  
m atch  th o s e  o b se rv e d  on J u ly  27 (1 2 0 0 ) . T here  w ere no v a r i a t i o n s  in  
p la sm a  C and  T3  on A ugust 9 -1 0 .
The mean d a i l y  GSI o f  f i s h  sam pled  on J u ly  27-28  was g r e a t e r  th a n
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th o s e  o f  f i s h  exam ined on A ugust 2 -3  and  on A ugust 9 -10  (p < 0 .0 5 , ANOVA) 
(F ig s .  2 - 4 ) .  Eggs w ere r e a d i l y  e x p re s s e d  in  f i s h  sam pled  a t  2400 and 
0400 o f  J u ly  2 7 -2 8 , w h ile  eggs w ere n o t  e x p r e s s ib le  a t  any o f  th e  s ix  
tim e s  when f i s h  w ere exam ined on A ugust 2 -3  and  A ugust 9 -1 0 .
I n  m a le s , GSI and p lasm a T l e v e l s  d id  n o t  v a ry  d u r in g  th e  day  on 
any  o f  th e  3 s e p a r a t e  d ay s o f  th e  s e m ilu n a r  spaw ning  c y c le  (F ig .  5 ) .  
However, th e  d a i l y  mean GSI and  p lasm a T l e v e l s  on J u ly  27-28  and  A ugust 
9 -10  w ere  s i g n i f i c a n t l y  h ig h e r  th a n  th o s e  o f  f i s h  exam ined on A ugust 2- 
3 . P lasm a l e v e l s  a l s o  d id  n o t  v a ry  th ro u g h o u t th e  day  on 3 s e p a r a te  
days o f  th e  s e m ilu n a r  spaw ning c y c le  and  i t s  mean d a i ly  l e v e l s  rem a in ed  
c o n s ta n t  on th e  3 sam p lin g  d a t e s .
D a ily  v a r i a t i o n s  i n  p lasm a C and  T3  w ere o b se rv e d  in  th e  m a les  on 
each  o f  th e  3 days (p < 0 .0 5 , ANOVA). On J u ly  27-28  and A ugust 9 -1 0 , 
th e r e  w ere s i m i l a r  b im o d al p a t t e r n s  o f  C and  T3  w ith  p eak s  a t  0800 and 
1600 f o r  b o th  horm ones. A t m id cy c le  on A ugust 2 -3 , th e  p r o f i l e s  o f  th e  
rhy thm s o f  b o th  horm ones d i f f e r e d  from  th o s e  on o r  n e a r  th e  spaw ning  
p eak  ( J u ly  27-28  and  A ugust 9 -1 0 ) .  The T3  p eak s  o c c u r re d  a t  1600 and 
0400 and  th e  p eak  o f  C c o n c e n t r a t io n  o c c u r re d  a t  2000.
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T ab le  1 . Mean D a ily  G onadosom atic  In d ic e s  (GSI) and P lasm a Hormone 
C o n c e n tra t io n s  o f  M ale and Fem ale G ulf K i l l i f i s h  Sam pled on T hree 
S e p a ra te  Days D uring  th e  S em ilu n ar R e p ro d u c tiv e  C y c le .
J u ly 27-28 A ugust 2-3 A ugust 9-10
Fem ale
G SI1 7.37 + 0 .8 3 2 *a 1 .4 3 + 0 . 1 0 c 2 .6 8  + 0 . 19b
E s t r a d io l - 1 7 3  (ng/mlii) 0 .3 5 + 0 .0 7 a 0 . 1 2 + 0 . 0 1 b 0 .5 8  + 0 .1 0 a
T e s to s te r o n e  (n g /m l) 0 .3 0 0 . 1 1 a 0 b 0 .3 0  + 0 .1 0 a
P ro g e s te ro n e  (n g /m l) 0 . 0 1 + 0 . 0 1 a 0 a 0 . 0 2  + 0 . 0 1 a
C o r t i s o l  (ng%) 2 .4 9 + 0 . 26a 1 .3 5 + 0 . 23b 1 .2 0  + 0 . 13b
T r i io d o th y r o n in e  (n g /m l) 0 .4 2 + 0 .0 6 a 0 . 1 2 + 0 . 0 2 b 0 .3 6  + 0 .0 4 a
Male
GSI1 0 .4 9 + 0 . 04a 0 .3 7 + 0 . 0 2 b 0 .5 2  + 0 . 04a
T e s to s te r o n e  (n g /m l) 1 .63 + 0 . 23a 0 .2 5 + 0 . 07b 1 .62  + 0 . 24a
C o r t i s o l  (ng%) 1.62 + 0 . 03a 1 .2 6 + 0 . 0 2 b 1 .57  + 0 . 03a
T h y ro x in e  (n g /m l) 26 .50 + 2 . 61a 2 3 .0 0 + 1 . 87a 2 4 .71  + 1 . 67a
T r i io d o th y r o n in e  (n g /m l) 0 .6 0 + 0 . 1 1 a 0 .4 5 + 0 . 1 2 a 0 .4 8  + 0 . 12a
1 (Gonad W eight/B ody W eigh t) X 100 
2mean + S .E .
a j b , cmeans h a v in g  th e  same l e t t e r  in  th e  same row  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from  eac h  o th e r  (p S 0 .0 5 , D u n can 's  m u l t i p l e  ran g e  t e s t )
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F ig u re  1 . D a ily  egg  c o l l e c t i o n  o f  th e  g u l f  k i l l i f i s h  h e ld  i n  a q u a r ia
u n d e r  c o n s ta n t  l a b o r a to r y  c o n d i t io n s .  W ild  fem a le  f i s h  from  
th e  same c o l l e c t i o n  s i t e  w ere sam pled  f r e q u e n t ly  to  o b ta in  
g onadosom atic  in d ic e s  (e a c h  v a lu e  i n  th e  g rap h  i s  a  mean GSI 
+ S .E .M ., n=10) from  Ju n e  to  S ep tem ber, 1988. The b e s t  
m a tc h in g  s in e  c u rv e  (d a sh e d  l i n e s )  was c a l c u l a t e d  w ith  a 
n o n l in e a r  r e g r e s s io n  p rogram  to  m atch  d a ta  c o l l e c t e d .  The 
tim e  o f  new ( c lo s e d )  and  f u l l  (open  c i r c l e )  moon and  th e  
p r e d ic te d  h ig h  t i d e s  n e a r  th e  G u lf  c o a s t  c o l l e c t i o n  s i t e  a r e  
p ro v id e d  f o r  co m p ariso n . The s e m ilu n a r  (1 3 .7  d a y s )  p a t t e r n  
o f  th e  s in g l e  h ig h  t i d e  i s  re c o g n iz e d  n o t  o n ly  in  
d e p th  o f  th e  t i d e  b u t  a l s o  i t s  t im in g  seq u en ce  ( c lo c k  h o u rs  
in d i c a te d  on to p  o f  t i d e s ) .
Depth of Daily High Tide 
1/10 feet
GSI Daily Egg Collection
0> OB O  10
I  I I i .L.JL. 1-J
*o CDO 10o
I I I I I L
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F ig u re  2. D a ily  v a r i a t i o n s  o f  GSI and  p lasm a hormone c o n c e n t r a t io n s  in  
fem a le  g u l f  k i l l i f i s h  k e p t  in  cag e s  and  sam pled  a t  th e  
a p p a re n t  p eak  o f  GSI ( J u ly  2 7 -2 8 ) . F is h  w ere sam pled  e v e ry  4 
h o u rs  b e g in n in g  a t  1 2 0 0  ( h o r i z o n ta l  b a r  in d i c a t e s  d a rk  p h ase  
a t  2000 - 0 7 0 0 ). GSI means w ere c a l c u l a t e d  from  6-10  
f i s h  p e r  tim e and means o f  p la sm a hormone c o n c e n t r a t io n s  
w ere o b ta in e d  from  3 p o o le d  p lasm a sam ples (3 f i s h / p o o l )  
p e r  t im e . See RESULTS f o r  s t a t i s t i c a l  a n a l y s e s . (ND -  
































F ig u re  3 . D a ily  v a r i a t i o n s  o f  GSI and  p lasm a hormone c o n c e n t r a t io n s  in  
fem a le  g u l f  k i l l i f i s h  k e p t  i n  c ag e s  and  sam pled  n e a r  th e  
tro u g h  o f  th e  s e m ilu n a r  r e p r o d u c t iv e  c y c le  (A ugust 2 - 3 ) .
F is h  w ere sam pled  e v e ry  4 h o u rs  b e g in n in g  a t  1200 
( h o r iz o n t a l  b a r  i n d i c a t e s  d a rk  p h ase  a t  2000 - 0 7 0 0 ). GSI 
means w ere c a l c u l a t e d  from  6 - 1 0  f i s h  p e r  tim e  and  means o f  
p la sm a horm one c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  
p lasm a sam p les  (3 f i s h /p o o l )  p e r  t im e . See RESULTS 












































F ig u re  4 . D a ily  v a r i a t i o n s  o f  GSI and  p lasm a horm one c o n c e n t r a t io n s  in  
fem a le  g u l f  k i l l i f i s h  k e p t  i n  cag e s  and  sam pled  a t  one day 
p r i o r  to  th e  a p p a re n t  GSI peak  (A ugust 9 -1 0 ) .  F is h  w ere 
sam pled  e v e ry  4 h o u rs  b e g in n in g  a t  1200 ( h o r i z o n t a l  b a r  
in d i c a t e s  d a rk  p h ase  a t  2000 - 0 7 0 0 ). GSI means w ere 
c a l c u l a t e d  from  6 - 1 0  f i s h  p e r  tim e  and  means o f  p la sm a 
hormone c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  p lasm a 
sam ples (3 f i s h /p o o l )  p e r  tim e . See RESULTS f o r  s t a t i s t i c a l  
a n a ly s e s .  (ND = n o n d e te c ta b le ) .
Estradiol (ng/ml) Progesterone (ng/mll 
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F ig u re  5 . D a ily  v a r i a t i o n s  o f  GSI and  p lasm a horm one c o n c e n t r a t io n s  in  
m ale g u l f  k i l l i f i s h  k e p t  i n  cage  and  sam pled  a t  th e  a p p a re n t  
p eak  o f  th e  GSI ( J u ly  2 7 -2 8 ) . F is h  w ere sam pled  e v e ry  4 
h o u rs  b e g in n in g  a t  1 2 0 0  ( h o r i z o n t a l  b a r  i n d i c a t e s  d a rk  p h ase  
a t  2000 - 0 7 0 0 ). GSI means w ere c a l c u l a t e d  from  6 -10  f i s h  
p e r  tim e  and  means o f  p la sm a hormone c o n c e n t r a t io n s  w ere 
o b ta in e d  from  3 p o o le d  p lasm a sam p les (3 f i s h / p o o l ) . See 





































F ig u re  6 . D a ily  v a r i a t i o n s  o f  GSI and p lasm a hormone c o n c e n t r a t io n s  in  
m ale g u l f  k i l l i f i s h  k e p t  i n  c ag e s  and  sam pled  n e a r  th e  
tro u g h  o f  th e  s e m ilu n a r  r e p r o d u c t iv e  c y c le  (A ugust 2 - 3 ) .
F is h  w ere sam pled  e v e ry  4 h o u rs  b e g in n in g  a t  1200 
( h o r iz o n t a l  b a r  i n d i c a t e s  d a rk  p h a se  a t  2000 - 0 7 0 0 ). GSI 
means w ere c a l c u l a t e d  from  6 - 1 0  f i s h  and  p lasm a hormone 
c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  p lasm a sam ples (3 






































F ig u re  7 . D a ily  v a r i a t i o n s  o f  GSI and  p lasm a horm one c o n c e n t r a t io n s  in  
m ale g u l f  k i l l i f i s h  k e p t i n  c ag e s  and  sam pled  a t  one day 
p r i o r  to  th e  a p p a re n t  GSI p eak  (A ugust 9 -1 0 ) .  F is h  w ere 
sam pled  e v e ry  4 h o u rs  b e g in n in g  a t  1200 ( h o r i z o n t a l  b a r  
in d i c a t e s  d a rk  p h ase  a t  2000 - 0 7 0 0 ). GSI means w ere 
c a l c u l a t e d  from  6 - 1 0  f i s h  p e r  tim e  and  p lasm a hormone 
c o n c e n t r a t io n s  w ere o b ta in e d  from  3 p o o le d  p lasm a 
sam ples (3 f i s h / p o o l ) .  See RESULTS f o r  s t a t i s t i c a l  






































D isc u ss io n
The GSI o f  fe m a le s  u n d e rg o es  a  s e m ilu n a r  c y c le  t h a t  i s  p ro b a b ly  
r e l a t e d  to  c y c l i c  spaw ning  (F ig . 1 ) .  Much o f  th e  in c r e a s e  i n  GSI 
s e v e r a l  days p r i o r  to  th e  p eak  GSI may b e  a t t r i b u t a b l e  to  o o c y te  
h y d r a t io n  (113% in c r e a s e  i n  v o lu m e ), w hich  o c c u rs  d u r in g  th e  f i n a l  two 
days b e f o r e  spaw ning in  th e  g u l f  k i l l i f i s h  (H siao  and  M e ie r , 19 8 6 ). 
V i t e l lo g e n e s i s  p ro b a b ly  a c c o u n ts  f o r  a n o th e r  p o r t i o n  o f  th e  in c r e a s e  
( s e e  T a y lo r  and  D im ic h e le , 1 9 8 0 ). D uring  th e  day o f  th e  s e m ilu n a r  p eak  
o f  GSI ( J u ly  2 7 -2 8 ) , th e  GSI r i s e s  d r a m a t ic a l ly  b e g in n in g  a t  2000 to  
re a c h  a h ig h  p eak  a t  0400 on th e  fo l lo w in g  m orning (F ig .  2 ) .  T h is  sh a rp  
in c r e a s e  i s  p ro b a b ly  due to  b o th  o o c y te  h y d r a t io n  and  to  o v a r ia n  
h y d r a t io n  o u ts id e  th e  o o c y te s  t h a t  may f a c i l i t a t e  r e l e a s e  o f  th e  e g g s . 
Eggs w ere r e a d i l y  e x p re s s e d  from  f i s h  sam pled  a t  2400 and  0400 
in d i c a t i n g  t h a t  o v u la t io n  o c c u r re d  a t  2000. The s h a rp  d rop  in  GSI a f t e r  
0400 i n d i c a t e s  t h a t  spaw ning p ro b a b ly  o c c u r re d  d u r in g  th e  l a t t e r  h a l f  o f  
th e  d a rk  p h ase  o f  J u ly  2 7 -2 8 . T h is  spaw ning  tim e  i s  n e a r  th e  tim e  when 
h ig h  t i d e  o c c u rs  (0900 , J u ly  28, 1 9 8 8 ), in d i c a t i n g  a  c l e a r  r e l a t i o n s h i p  
o f  spaw ning  to  th e  t i d e .  S im i la r  r e s u l t s  have b een  r e p o r te d  by G re e le y  
and  M acGregor (1983) and  G re e le y  (1984) on th e  spaw ning  o f  th e  g u l f  
k i l l i f i s h  i n  th e  Alabam a G u lf  c o a s t .
C om parable in c r e a s e s  o f  GSI p r e p a r a to r y  f o r  n o c tu rn a l  spaw ning  d id  
n o t  o c c u r  d u r in g  th e  tro u g h  o f  th e  s e m ilu n a r  c y c le  (A ugust 2 - 3 ) ,  n o r  on 
A ugust 9 -10  ( F ig s .  3 - 4 ) .  The l a t t e r  sam p lin g  d a te  was n e a r ,  b u t
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p ro b a b ly  one day  p r i o r  t o ,  th e  p eak  o f  o v u la t io n  and  spaw ning  as  
in d i c a te d  by  GSI m easurem en ts and  la c k  o f  e x p r e s s ib le  eggs u n t i l  a  day 
l a t e r .
The v a r i a t i o n  i n  p la sm a E2  c o n c e n t r a t io n s  th ro u g h o u t th e  day o f  th e  
GSI p eak  ( J u ly  2 7 -28 ) d id  n o t  sy n c h ro n iz e  w ith  th e  ch an g es  i n  GSI, 
i n d i c a t i n g  t h a t  E2  p ro b a b ly  does n o t  d i r e c t l y  p rom ote o v a r ia n  h y d r a t io n  
( F o s t i e r  e t  a l . , 1983) w hich  a c c o u n ts  f o r  m ost o f  th e  GSI in c r e a s e .  I n  
f a c t ,  E2  d e c l in e d  d u r in g  an  i n t e r v a l  ( a f t e r  1200 on J u ly  27) when f i n a l  
o v a r ia n  h y d r a t io n ,  o o c y te  m a tu r a t io n  and  o v u la t io n  o c c u r re d .  T h is  
d e c l in e  i n  E2  l e v e l s  p r i o r  to  f i n a l  m a tu ra t io n  and o v u la t io n  h a s  been  
n o te d  in  a  num ber o f  s p e c ie s  u n d e r a  v a r i e t y  o f  spaw ning  s t r a t e g i e s  (s e e  
re v ie w : F o s t i e r  e t  a l . , 1 9 8 3 ). In  th e  J a p a n e s e  m edaka, O rv z ia s  l a t i n e s . 
g o n a d o tro p ic  hormone ca n  s t im u la t e  E2  s y n th e s i s  in  f o l l i c l e s  32 to  16 
h o u rs  b e fo re  spaw ning , b u t  l i t t l e  o r  no s y n th e s i s  from  4 to  12 h o u rs  
b e f o r e  spaw ning (S a k a i e t  a l . , 19 8 7 ). I t  h a s  b een  s u g g e s te d  t h a t  E2  
d e c re a s e s  o v a r ia n  s e n s i t i v i t y  to  g o n a d o tro p ic  hormone ( J a l a b e r t ,  1975) 
and  t h a t  a  d e c l in e  i n  E2  p e rm its  a su rg e  o f  1 7 a ,20/?-d ih y d ro x y - 
p ro g e s te ro n e  (DHP) p ro d u c t io n  from  th e  f o l l i c l e s  (Van d e r  K raak  e t  a l . ,
1 9 8 4 ). A lth o u g h  E2  c a n  e x e r t  a  n e g a t iv e  fe e d b a c k  a t  th e  p i t u i t a r y  
(F eb rv e  and  L a f a u r ie ,  1971; Van O verbeeke and  M cB ride, 1 9 7 1 ), a  d e c l in e  
i n  E2  i s  a p p a r e n t ly  n o t  n e c e s s a ry  to  p e rm it  a  su rg e  o f  g o n a d o tro p in  in  
ra in b o w  t r o u t  (S ta c e y  e t  a l . , 1983; S c o t t  e t  a l . , 1984; K obayash i e t  
a t . ,  19 8 7 ).
B ecause f o l l i c u l a r  g row th  in  Fundu lus i s  asy n ch ro n o u s  (Selm an and 
W a lla c e , 1986; G re e le y  e t  a l . , 1 9 8 8 ), th e  o v a ry  i s  com posed o f  grow ing
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a s  w e l l  a s  m a tu r in g  o o c y te s  i n  w hich  h y d r a t io n  o c c u r s .  T h e re fo re ,  th e  
h ig h  p lasm a c o n c e n t r a t io n s  o f  E2  b e f o r e  ( 1 2 0 0 ) and  a f t e r  (0800) th e  
spaw ning  tim e  on th e  day o f  th e  GSI p eak  ( J u ly  2 7 -2 8 ) p ro b a b ly  
s t im u la t e s  h e p a t i c  v i t e l l o g e n e s i s  t h a t  s u p p o r ts  o o c y te  m a tu ra t io n  as  
r e p o r te d  i n  o th e r  s p e c ie s  (S u n d a ra ra j and  N a th , 1981; Lamba e t  a l . , 
1983; W iegand, 1983; P a n k h u rs t e t  a l . , 1 9 8 6 ).
P lasm a t e s t o s t e r o n e  (T) c o n c e n t r a t io n s  s h a r p ly  in c r e a s e d  i n  fem a le s  
n e a r  m id n ig h t a t  o r  n e a r  th e  spaw ning p e a k . A d ra m a tic  T in c r e a s e  
o c c u r r e d ,  i n  w hat m ig h t be  te rm ed  a  s u rg e ,  a t  2400 on b o th  J u ly  27-28 
and  A ugust 9 -1 0 , b u t  n o t  on A ugust 2 -3 ,  w hich  i s  midway be tw een  p ro b a b le  
spaw ning  p eak s  ( F ig s .  2 - 4 ) .  In  o th e r  s p e c ie s ,  T l e v e l s  have b een  
r e p o r te d  to  be  h ig h  l a t e  d u r in g  v i t e l l o g e n e s i s  (C am pbell e t  a l . , 1976; 
W in g f ie ld  and  Grimm, 1977; S c o t t  e t  a l . , 1980a) and  to  re a c h  a  p eak  
p r i o r  to  o v u la t io n  (Kagawa e t  a l . , 1983a; S c o t t  and  B aynes, 1983; S c o t t  
e t  a l . , 1983; F i t z p a t r i c k  e t  a l . , 1986) and  spaw ning  (K atz  and  E c k s te in ,  
1 9 7 4 ). T h ere  i s  e v id e n c e  t h a t  T can  in d u c e  o o c y te  m a tu r a t io n  i n  v i t r o  
(Goswami and  S u n d a ra ra j ,  1971; G oetz and  Bergm an, 1978; Iw am atsu , 1978; 
Nagahama e t  a l . , 1980; Young e t  a l . , 1982; So e t  a l . , 1 9 8 5 ), can  
s t im u la t e  p i t u i t a r y  g o n a d o tro p in  s y n th e s i s  (Crim  e t  a l . , 1981; G ie le n  e t  
a l . , 1982; D ufour e t  a l . , 1983) and  can  enhance  g o n a d o tro p in  s t im u la t io n  
o f  o o c y te  m a tu r a t io n  ( J a l a b e r t ,  1 9 7 6 ). K obayash i and  cow orkers  (1987) 
c o n c lu d e d  t h a t  v i t e l l o g e n i c  f o l l i c l e s  p ro d u ce  E2  e x c lu s iv e ly  and  t h a t  
p o s t v i t e l l o g e n i c  f o l l i c l e s  p ro d u ce  T b u t  n o t  E2 . I t  was f u r t h e r  
s u g g e s te d  t h a t  th e  h y p o th a lam u s a n d /o r  th e  p i t u i t a r y  g la n d  may r e q u i r e  
e x p o su re  to  h ig h  l e v e l s  o f  T in  o rd e r  to  p ro d u c e  a  s u rg e  o f  g o n a d o tro p ic
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horm one. T h is  c o n c lu s io n  and  s u g g e s t io n  a p p e a r  c o n s i s t e n t  w ith  o u r 
r e s u l t s  a t  th e  p ro b a b le  p eak  o f  s e m ilu n a r  spaw ning on J u ly  27-28.  
However, th e  su rg e  o f  T w hich  a l s o  o c c u r re d  on A ugust 9 -10  was n o t  
accom panied  by a  d e c l in e  o f  E2  n o r  w ith  p eak  spaw ning . I f  T h a s  a  r o le  
i n  p ro d u c in g  a  su rg e  o f  g o n a d o t r o p in ( s ) , o th e r  horm ones o r  f a c t o r s  
p ro b a b ly  a c t  s y n e r g i s t i c a l l y .
T e s to s te ro n e  may have a  r o l e  in  m a in ta in in g  o r  in d u c in g  s e x u a l  
b e h a v io r  i n  fe m a le s  (Colombo e t  a l . , 1982; Kime and  D olben , 19 8 5 ). 
A rom atase a c t i v i t y  h a s  b e e n  r e p o r te d  i n  th e  b r a i n  o f  s e v e r a l  t e l e o s t s ,  
i n d i c a t i n g  a  p o s s ib le  b e h a v io r a l  e f f e c t  o f  T ( C a l la r d ,  1982; Borg e t  
a l . , 1987; A ndersson  e t  a l . , 19 8 8 ). A b e h a v io r a l  r o l e  i s  c o n s i s t e n t  
w ith  o u r f in d in g s  o f  J u ly  27-28  w h e re in  a  s h a rp  T s u rg e  o c c u r re d  n e a r  a 
p ro b a b le  spaw ning p eak . However, a  s im i l a r  T su rg e  o c c u r re d  on A ugust 
9-10  when m ost o f  th e  f i s h  p ro b a b ly  d id  n o t  spawn u n t i l  a  day l a t e r .  
P e rh ap s  a  T s u rg e  i s  e f f e c t i v e  o n ly  i f  accom panied  by  re d u c e d  E2  l e v e l s  
t h a t  o c c u r re d  on J u ly  27-28  b u t  n o t  on A ugust 9 -1 0 .
P lasm a p ro g e s te ro n e  (P ) c o n c e n t r a t io n  v a r i e d  th ro u g h o u t th e  day 
d u r in g  two days o f  th e  s e m ilu n a r  c y c le  i n  fe m a le s  i n  c lo s e  c o n c e r t  w ith  
T v a r i a t i o n s .  On J u ly  27-28  and A ugust 9 -1 0 , P l e v e l s  w ere u n d e te c ta b le  
a t  a l l  tim e s  o f  th e  day , e x c e p t a t  2400 when a  P s u rg e  accom panied  th e  T 
s u r g e .  An in c r e a s e  i n  p la sm a P c o n c e n t r a t io n  a t  th e  e a r l y  s ta g e s  o f  
f i n a l  m a tu ra t io n  in  coho salm on h a s  b een  r e p o r te d  (Sower and  S ch reck , 
1 9 8 2 ). However, a  p h y s io lo g ic a l  r o l e  f o r  P i s  unknown. P a p p a re n t ly  
h a s  l i t t l e  e f f e c t  on o o c y te  m a tu ra t io n  (T a y lo r ,  1 9 8 4 ). C ochran e t  a l .  
(1988) s u g g e s te d  t h a t  P may be  c o n v e r te d  to  DHP and th e re b y  p ro d u ce  a
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m a tu r a t io n a l  a c t i v i t y  d u r in g  th e  s e m ilu n a r  c y c le  o f  F . h e t e r o c l i t u s . 
R e c e n tly ,  D ulka and cow orkers  (1987) showed t h a t  DHP and to  a  l e s s e r  
e x t e n t  th e  two p r e c u r s o r s  to  DHP, 1 7 a -h y d ro x y p ro g e s te ro n e  and  P, a c t  as 
s e x  pherom ones t h a t  sy n c h ro n iz e  spaw ning r e a d in e s s  i n  g o ld f i s h .  
C o in c id e n c e  o f  th e  P and  T su rg e s  s u g g e s ts  a  common r e g u la to r y  mechanism 
f o r  th e  s u rg e s  o f  th e s e  horm ones.
The mean d a i ly  p la sm a t r i io d o th y r o n in e  (T 3 ) l e v e l s  a t  th e  3 
sam p lin g  d a te s  in  fem ale  g u l f  k i l l i f i s h  v a r i e d  i n  c o n c e r t  w ith  th e  
v a r i a t i o n s  in  th e  mean d a i ly  l e v e l s  o f  GSI and p lasm a E2 . B oth horm ones 
may be  in v o lv e d  in  th e  grow th  o f  th e  o o c y te s  s in c e  an  in c r e a s e  in  p lasm a 
T3  c o n c e n t r a t io n s  was n o te d  a t  th e  tim e  o f  e a r l y  g o n ad a l g row th  in  
w in te r  f lo u n d e r  (E a le s  and  F le t c h e r ,  1982) and  th e  r o l e  o f  E2  in  
v i t e l l o g e n e s i s  h a s  b een  r e p o r te d  i n  a  number o f  s p e c ie s  (Bromage e t  a l . , 
1982; W hitehead  e t  a l . , 1983; W iegand, 1983; Ueda e t  a l . , 1984 ).
E2  may in f lu e n c e  th y r o id  horm ones i n  d i f f e r e n t  w ays. E2  d e p re s s e d  
T3  c o n c e n t r a t io n  i n  ra in b o w  t r o u t  (L e a th e r la n d ,  1985; M acLatchy e t  a l . , 
1986; S h ie ld s  and E a le s ,  1986) and b o th  T3  and in  e e l s  (O liv e re a u  e t  
a l . , 1 9 8 1 ). However, E2  s t im u la te d  th e  th y r o id  g la n d , a s  d e te rm in e d  
h i s t o l o g i c a l l y  i n  f r e s h  w a te r  p e rc h  n e a r  r e p ro d u c t io n  (C h a k ra b o r t i  e t  
a l . , 1 9 8 3 ). A lth o u g h  d a i ly  v a r i a t i o n s  w ere o b se rv e d  f o r  b o th  E2  and  T3  
i n  th e  p r e s e n t  s tu d y ,  th e s e  v a r i a t i o n s  w ere n o t  d i r e c t l y  r e l a t e d  w ith  
one a n o th e r .  I t  fo llo w s  t h a t  changes i n  one a r e  n o t  s o l e l y  d i r e c t  
co n seq u en ces  o f  changes i n  th e  o th e r .
D a ily  v a r i a t i o n s  in  p lasm a c o r t i s o l  (C) c o n c e n t r a t io n  in  fem a les  
w ere o b se rv e d  a t  eac h  o f  th e  th r e e  d a te s  t e s t e d ,  b u t  th e  p h a se s  o f  th e
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rhy thm s d i f f e r e d  from  one a n o th e r  (F ig s .  2 - 4 ) .  D uring  th e  p ro b a b le  
spaw ning  p eak  ( J u ly  2 7 - 2 8 ) ,  th e  h ig h e s t  l e v e l  was re a c h e d  a t  0400 
c o in c id e n t  w ith  th e  p eak  GSI. A t m id cy c le  (A ugust 2 - 3 ) ,  th e  h ig h e s t
l e v e l s  o c c u r re d  a t  1200 and  1600. On A ugust 9 -1 0 , th e  d a i l y  v a r i a t i o n
a p p e a rs  to  have  two p e a k s , one a t  1600 and a n o th e r  a t  0400. B ecause 
th e s e  b lo o d  sam p les  (A ugust 9 -1 0 ) w ere p ro b a b ly  ta k e n  a day b e f o r e  th e  
p r im a ry  s e m ilu n a r  spaw ning p eak , i t  i s  p o s s ib le  t h a t  t h i s  b im o d a li ty  may 
r e f l e c t  d i f f e r e n t  g ro u p s  o f  f i s h  r e p r e s e n t in g  spaw ning  r e a d in e s s  o r  
p e rh a p s  a  c o n v e rs io n  from  one form  s im i l a r  to  t h a t  on A ugust 2 -3  to  
a n o th e r  s i m i l a r  to  t h a t  on J u ly  27-28.
C o r t i s o l  i s  a  hormone t h a t  may be e x p e c te d  to  p a r t i c i p a t e  in  many 
a c t i v i t i e s  i n  sy n e rg ism  w ith  o th e r  horm ones and  a s  an  a g e n t f o r  
p ro v id in g  e n e rg y  in  th e  form  o f  g lu c o se  and f a t t y  a c id s .  T hus, h ig h  
c o r t i c o s t e r o i d  l e v e l s  te n d  to  a n t i c i p a t e  and accompany th e  m ost a c t iv e  
p e r io d  o f  th e  day (H a lb e rg  e t  a l . , 19 5 8 ). I f  spaw ning o c c u r re d  l a t e  
d u r in g  th e  d a rk  o f  J u ly  27-28 ,  a s  we b e l i e v e ,  h ig h  c o r t i s o l  l e v e l s  a t
0400 w ould s u p p o r t  su ch  a c t i v i t y .  W ith r e s p e c t  to  r e p r o d u c t iv e  ch an g e s ,
h ig h  l e v e l s  o f  c o r t i s o l  h ave  b een  a s s o c ia t e d  w ith  o v u la t io n  (Cook e t  
a l . , 1980; P ic k e r in g  and  C h r i s t i e ,  1981; S c o t t  e t  a l . , 1984; B ry , 1985; 
Kime and  D olben , 1985; B ra d fo rd  and T a y lo r ,  1987) and may d i r e c t l y  o r  
i n d i r e c t l y  (c o n v e r s io n  to  1 1 -d e o x y c o r t i s o l )  in d u c e  f i n a l  m a tu ra t io n  
( J a l a b e r t ,  1976; S u n d a ra ra j and Goswami, 1977; T r u s c o t t  e t  a l . , 1986 ).
A lth o u g h  th e r e  w ere no d a i ly  v a r i a t i o n  in  p la sm a T l e v e l s  i n  m ales 
on th e  3 sam p lin g  d a y s , changes i n  th e  mean d a i ly  p la sm a T c o n c e n t r a t io n  
ro u g h ly  ap p ro x im a te d  th e  GSI c h a n g e s . T hese r e s u l t s  a r e  i n  ag reem en t
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w ith  th o s e  r e p o r te d  i n  o th e r  s p e c ie s ,  w here T l e v e l s  r i s e  w ith  th e  
b e g in n in g  o f  sp e rm ato zo a  p ro d u c t io n  and re a c h  h ig h  l e v e l s  b e fo re  ( I d l e r  
e t  a l . , 1971; S an g a lan g  and  Freem an, 1974; S c o t t  e t  a l . , 1980b; Kime and 
M anning, 1982; S o iv io  e t  a l . , 1982; Baynes and  S c o t t ,  1985; C ochran , 
1987) o r  d u r in g  (W hitehead  e t  a l . , 1979) s p e rm ia t io n .  F o r some s p e c ie s ,  
th e  d e c l in e  in  T a t  th e  o n s e t  o f  s p e rm ia t io n  i s  th o u g h t to  be  due to  th e  
in c r e a s e  in  s y n th e s i s  o f  DHP ( S c o t t  and B aynes, 1980b) o r  to  o th e r  
m e ta b o l i te s  o f  T l i k e  1 1 - k e to te s to s te r o n e  ( S c o t t  e t  a l . , 1 9 8 0 b ) . Both 
DHP and 1 1 - k e to t e s to s te r o n e  a r e  b e l ie v e d  to  be  in v o lv e d  i n  s p e rm ia t io n ,  
b u t  t h e i r  s p e c i f i c  r o l e s  rem a in  u n c le a r  (Ueda e t  a l . , 1 9 8 5 ).
D a ily  v a r i a t i o n s  in  p la sm a c o r t i s o l  (C) and  t r i io d o th y r o n i n e  (T 3 ) 
w ere o b se rv e d  in  m ales on each  o f  th e  th r e e  days t e s t e d  ( F ig s .  5 - 7 ) .
The rhy thm s o f  th e s e  horm ones on J u ly  27-28 a p p e a re d  s im i l a r  to  th o s e  on 
A ugust 9 -1 0 , b u t  d i f f e r e n t  from  th o s e  on A ugust 2 - 3 .  T hus, th e  changes 
in  th e  d a i ly  v a r i a t i o n s  o f  C and T3  d u r in g  th e  s e m ilu n a r  spaw ning c y c le  
i n d i c a t e  a  p o s s i b le  c i r c a d i a n  n e u ro e n d o c rin e  b a s i s  f o r  th e  se m ilu n a r  
c y c le .  Changes i n  th e  d a i l y  rhythm s o f  C and  th y r o id  horm ones i n  th e  
g u l f  k i l l i f i s h  have b een  r e p o r te d  to  accompany a  change in  s e a s o n a l i t y  
in d u c e d  by a l t e r i n g  th e  c i r c a d i a n  n e u ro e n d o c rin e  m echanism  (Em ata and 
M e ie r , i n  p r e p a r a t i o n ) .
A lth o u g h  lu n a r  and  s e m ilu n a r  rhy thm s o f  p la sm a hormone 
c o n c e n t r a t io n s  have b een  r e p o r te d  in  th e  g u l f  k i l l i f i s h  and  in  two o th e r  
t e l e o s t  s p e c ie s  (T a y lo r ,  1986; F a rb r id g e  and  L e a th e r la n d ,  1987b;
B ra d fo rd  and  T a y lo r ,  1987; C ochran e t  a l . , 1988; G re e le y  e t  a l . , 1988b), 
th e  p r e s e n t  i n v e s t i g a t i o n  a p p e a rs  to  be  a  p io n e e r  s tu d y  d e s c r ib in g  d a i ly
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v a r i a t i o n s  o f  p la sm a horm one c o n c e n tr a t io n s  a t  v a r io u s  tim e s  d u r in g  th e  
s e m ilu n a r  r e p r o d u c t iv e  c y c le .  The im p o rtan ce  o f  d e te rm in in g  hormone 
c o n c e n t r a t io n s  th ro u g h o u t th e  day a r e  o b v io u s  from  th e  r e s u l t s .  F or 
exam ple, p ro g e s te ro n e  was u n d e te c ta b le  a t  a l l  t im e s  o f  day  d u r in g  th e  3 
days t e s t e d ,  e x c e p t  a t  one s p e c i f i c  tim e  (2400) on th e  day p r i o r  to  and 
d u r in g  th e  spaw ning  p e a k . T h is  P su rg e  may w e ll  b e  an  im p o r ta n t  
r e g u la to r  f o r  r e p r o d u c t iv e  a c t i v i t y ,  one t h a t  w ould  p ro b a b ly  be m issed  
in  m ost e x p e r im e n ta l  p r o to c o l s .  I t  i s  n o te w o rth y  t h a t  th e  p r o f i l e s  o f  
th e  d a i l y  horm ones (a m p litu d e s  and  p h a s e s )  may v a ry  m ark ed ly  d u r in g  th e  
c y c le .  Sam pling  o f  b lo o d  from  f i s h  a t  one tim e  o f  day o n ly  d u r in g  a  
s e m ilu n a r  c y c le  m isse s  an  enorm ous amount o f  im p o r ta n t  in fo rm a tio n  and 
can  be  m is le a d in g .
In  w hat r e g r e t t a b l y  may be  b ad  news to  many f i s h  e n d o c r in o lo g i s t s ,  
th e  p r e s e n t  s tu d y  em p h asizes  th e  v a r i a b i l i t y  one may e x p e c t  i n  hormone 
l e v e l s .  To s e a s o n a l  v a r i a t i o n s  and a  h o s t  o f  ch an g es  r e l a t e d  to  
e n v iro n m e n ta l s t i m u l i ,  one m ust now add c y c l i c  chan g es  i n  d a i ly  
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Summary
The p r e s e n t  s tu d i e s  d e m o n s tra te  c i r c a d i a n  n e u ro e n d o c rin e  
o r g a n iz a t io n  o f  s e a s o n a l i t y  and  s e m ilu n a r  spaw ning c y c le  i n  th e  g u l f  
k i l l i f i s h ,  F undu lus g r a n d i s . The s tu d ie s  a l s o  d e m o n s tra te  d a i l y  rhythm s 
o f  hormone re s p o n s iv e n e s s  and  p lasm a hormone c o n c e n t r a t io n s  i n  
a s s o c i a t i o n  w ith  s e a s o n a l  c o n d i t io n s .  The p r e s e n t  s tu d ie s  a r e  
sum m arized a s  fo l lo w s :
1 . D a ily  i n j e c t i o n s  o f  5 -h y d ro x y try p to p h a n  (5-H TP), a  p r e c u r s o r  
o f  s e r o to n in ,  and  d ih y d ro x y p h e n y la la n in e  (DOPA), a  c a te c h o la m in e  
p r e c u r s o r ,  in d u c e  v a r i a t i o n s  i n  gonad w e ig h ts  and  body f a t  s t o r e s  a s  a 
f u n c t io n  o f  t h e i r  i n j e c t i o n  t im e s .  I n j e c t i o n s  o f  DOPA tw en ty  h o u rs  
a f t e r  5-HTP (2 0 -h o u r  r e l a t i o n )  s t im u la t e  gonad w e ig h ts  and  body f a t  
s t o r e s  w hereas an  8 -h o u r  r e l a t i o n  (DOPA i n j e c t i o n s  8 h o u rs  a f t e r  5-HTP 
i n j e c t i o n s )  h a s  i n h i b i t o r y  e f f e c t s  i n  g u l f  k i l l i f i s h  k e p t  a t  20°C. The 
r e s u l t s  can  b e  i n t e r p r e t e d  i n  th e  fo llo w in g  m anner. The 2 0 -h o u r 
r e l a t i o n  o f  5-HTP and  DOPA s e t s  th e  c i r c a d i a n  n e u ro e n d o c rin e  
o s c i l l a t i o n s  i n  a  p a t t e r n  c h a r a c t e r i s t i c s  o f  s p r in g  when w a te r  
te m p e ra tu re  o f  20°C i s  s t im u la to r y  f o r  g o n ad a l g row th  and  body f a t  
s t o r e s .  The 8 -h o u r  r e l a t i o n  e s t a b l i s h e s  a  p a t t e r n  c h a r a c t e r i s t i c  o f  
l a t e  summer and  e a r l y  f a l l  when 20°C i s  n o t  s t im u la to r y .  The d ru g  
e f f e c t s  p e r s i s t  f o r  a t  l e a s t  3 weeks fo l lo w in g  d ru g  t r e a tm e n t  i n d i c a t i n g  
a  p o s s i b le  r e s e t t i n g  o f  an  endogenous m echanism  in v o lv e d  in  s e a s o n a l i t y .  
R e s e t t in g  o f  th e  a n n u a l c y c le  by  tim ed  d a i ly  i n j e c t i o n s  o f  d o p am in erg ic
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and s e r o to n e r g ic  p r e c u r s o r s  h a s  a l s o  b een  d e m o n s tra te d  i n  o th e r  
v e r t e b r a t e  s p e c ie s  ( M il l e r  and  M e ie r , 1983a, b ;  W ilson  and  M e ie r , 1989 ).
2 . In c r e a s e d  t r y p to p h a n  in  th e  d i e t  in c r e a s e d  g row th  r a t e s  and 
p la sm a  c o n c e n t r a t io n s  o f  t r i i o d o th y r o n i n e  and  som atom edin-C  i n  a l l  
m onths exam ined . T ry p to p h an -en h an ce d  d i e t s  a l s o  a l t e r e d  d a i l y  rhythm s 
o f  p la sm a c o r t i s o l  and  th y ro x in e  i n  a s s o c i a t i o n  w ith  in c r e a s e d  g row th .
I n  A u g u st, t r y p to p h a n  f e e d in g  a t  2000 s t im u la te d  g row th  and  p lasm a 
c o n c e n t r a t io n s  o f  t r i io d o th y r o n i n e  and  som atom edin-C  w hereas th e  0800 
fe e d in g  d id  n o t  i n d i c a t i n g  a  " b e s t  tim e o f  day" f o r  try p to p h a n  f e e d in g .  
The in c r e a s e s  i n  g row th  r a t e s  a r e  g r e a t e r  th a n  m ost o f  th o s e  g row th  
in c r e a s e s  r e p o r te d  f o r  t e l e o s t s  g iv e n  any g ro w th -p ro m o tin g  horm ones, 
th ro u g h  any means and  f o r  any  p e r io d  o f  tim e . The g ro w th -p ro m o tin g  
e f f e c t s  o f  try p to p h a n  a r e  p ro b a b ly  n o t  th e  co n seq u en ces  o f  f u l f i l l i n g  
n u t r i t i o n a l  r e q u ire m e n ts  b u t  r a t h e r  a r e  d i r e c t e d  by  way o f  n e u r a l  
e le m e n ts  ( i . e . ,  s e r o to n e r g i c )  t h a t  c o n t r o l  e n d o c r in e  and au tonom ic 
a c t i v i t i e s .  T ry p to p h an  f e e d in g  may in c r e a s e  s e r o to n e r g i c  a c t i v i t y  t h a t  
may in f lu e n c e  th e  endogenous c i r c a d i a n  n e u ro e n d o c r in e  m echanism  
r e g u la t i n g  s e a s o n a l i t y .  S im i la r ly ,  in c r e a s e d  d i e t a r y  t ry p to p h a n  h a s  
d r a m a t ic a l ly  a l t e r e d  s e a s o n a l  c o n d i t io n s ,  in c r e a s e d  p lasm a hormone 
c o n c e n t r a t io n s  and  a l t e r e d  th e  p h a se s  o f  c i r c a d i a n  rhy thm s 
( c o r t i c o s t e r o i d  and  p r o l a c t i n )  i n  th e  S y r ia n  h a m s te r  (W ilson  and  M eie r, 
1983; u n p u b lish e d  r e s u l t s ) .
3 . P r o l a c t i n  and  grow th  hormone i n j e c t i o n s  made a t  s e v e r a l  tim es  
o f  th e  day in d u c ed  v a r i a b l e  som atom edin-C  and th y r o id  horm one re s p o n s e s .  
The hormone re s p o n s e s  v a r i e d  a s  a  f u n c t io n  o f  th e  tim e  o f  day when
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i n j e c t i o n s  w ere made, th e  tim e  o f  b lo o d  sam p lin g  and  th e  hormone 
a s s a y e d . P r o l a c t i n  and  grow th  hormone in d u c ed  s i m i l a r  som atom edin-C  
re s p o n s e s  s u g g e s t in g  t h a t  p r o l a c t i n  e f f e c t s  a r e  p ro b a b ly  m e d ia te d  by 
so m ato g en ic  r e c e p to r s  s h a re d  by  grow th  hormone s i m i l a r  to  th o s e  r e p o r te d  
i n  mammals (Underwood e t  a l . , 1980; Murphy e t  a l . , 1 9 8 8 ). However, 
th y r o id  re s p o n s e s  to  p r o l a c t i n  d i f f e r e d  from  t h a t  o f  g row th  hormone 
in d i c a t i n g  t h a t  th e  a c t io n s  o f  th e  p i t u i t a r y  horm ones r e s p e c t in g  th y r o id  
horm ones a r e  d i f f e r e n t .  F u rth e rm o re , s t im u la to r y ,  i n h i b i t o r y  o r  no 
e f f e c t s  o f  p r o l a c t i n  on th y r o id  hormone l e v e l s  h ave  b e e n  r e p o r te d  in  th e  
l i t e r e t u r e  b u t  th e s e  s tu d ie s  w ere done u s in g  d i f f e r e n t  s p e c ie s  and 
w ith o u t  c o n s id e r a t io n  to  th e  tim e  o f  day when p r o l a c t i n  was i n j e c t e d .
I t  c l e a r l y  a p p e a rs  t h a t  th e  c o n f l i c t i n g  r e s u l t s  m en tio n ed  in  th e  
l i t e r a t u r e  a r e  n o t  due to  s p e c ie s  d i f f e r e n c e s  a s  so  o f t e n  assum ed. The 
f in d in g s  o f  c i r c a d i a n  re s p o n s iv e n e s s  co u p led  w ith  c i r c a d i a n  p r o l a c t i n  
and  grow th  hormone rhy thm s t h a t  change i n  t h e i r  p h ase  r e l a t i o n s h i p s  w ith  
r e s p e c t  to  re s p o n s e  rhy thm s ( S p ie l e r  e t  a l . , 1977; 1978) p ro v id e  a  
fram ew ork f o r  te m p o ra l i n t e r a c t i o n  w hich  c o u ld  p ro d u ce  a  sp e c tru m  o f  
p h y s io lo g ic a l  c o n d i t io n s .
4 . T here  w ere m arked changes in  th e  d a i l y  rhy thm s o f  p lasm a 
c o n c e n t r a t io n s  o f  s t e r o i d  and th y r o id  horm ones d u r in g  th e  s e m ilu n a r  
spaw ning  c y c le .  In  fe m a le s , mean d a i l y  gonadosom atic  in d ic e s  w ere 
h ig h e s t  a t  th e  p eak  o f  spaw ning  ( J u ly  27 - 2 8 ) .  On t h i s  day , p la sm a 
e s t r a d i o l -17)0 and  t r i io d o th y r o n in e  p eak s  o c c u rre d  a t  1200, t e s t o s t e r o n e  
and  p ro g e s te ro n e  p eak s  w ere found  a t  2400 and th e  gonad w e ig h ts  and 
c o r t i s o l  w ere h ig h e s t  a t  0400. The gonadosom atic  in d e x  d e c re a se d
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s h a rp ly  a t  0800 in d i c a t i n g  a p e r io d  o f  p ro b a b le  spaw ning . The spaw ning 
tim e  i s  n e a r  th e  tim e  when h ig h  t i d e  o c c u rs  (0900 , J u ly  28, 1988) 
i n d i c a t i n g  a  c l e a r  r e l a t i o n s h i p  o f  spaw ning to  th e  t i d e  a s  r e p o r te d  
(G re e le y  and  M acG regor, 1983; G re e le y , 1 9 8 4 ). A t m id c y c le  (A ugust 2- 
3 ) ,  g onadosom atic  in d ic e s  w ere s i g n i f i c a n t l y  lo w er and  m ost hormone 
l e v e l s  w ere low th ro u g h o u t th e  day and  th e  a m p litu d e s  w ere s u p p re s s e d . 
One day p r i o r  to  th e  spaw ning p eak  (A ugust 9 - 1 0 ) ,  t e s t o s t e r o n e  and 
p ro g e s te ro n e  w ere s im i l a r  to  th o s e  on th e  spaw ning p e a k . However, d a i l y  
v a r i a t i o n s  o f  o th e r  horm ones, e s p e c i a l l y  e s t r a d i o l -17)9, w ere p ro m in en t 
b u t  d i f f e r e n t  from  th o s e  on th e  spaw ning p e a k . I n  m a le s , gonad w ie g h ts  
w ere s i g n i f i c a n t l y  h ig h e r  on J u ly  27-28 and A ugust 9 -10  th a n  on A ugust 
2 -3 .  P lasm a c o n c e n t r a t io n s  o f  c o r t i s o l  and th y r o id  horm ones b u t  n o t  o f  
t e s t o s t e r o n e  a l s o  u n derw en t d a i ly  v a r i a t i o n s  t h a t  d i f f e r e d  d u r in g  th e  
se m ilu n a r  c y c le .  The d a i l y  hormone rhy thm s may have  im p o r ta n t r o le s  
s i m i l a r  to  th o s e  o b se rv e d  in  o th e r  r e p ro d u c t iv e  c y c le s  su ch  a s  th e  
ro d e n t  e s t r o u s  c y c le .
As m en tio n ed  in  th e  INTRODUCTION, s e a s o n a l  ch an g es i n  
r e p r o d u c t iv e ,  m e ta b o lic  and  b e h a v io r a l  c o n d i t io n s  o f  th e  g u l f  k i l l i f i s h  
i s  p ro b a b ly  due in  p a r t  to  changes in  te m p e ra tu re  and  p h o to p e r io d . 
However, t h e r e  a r e  a l s o  e v id e n c e s  o f  s e a s o n a l  chan g es  i n  p h y s io lo g ic a l  
and b e h a v io r a l  a c t i v i t i e s  even  when th e  e n v iro n m e n ta l c o n d i t io n s  a r e  
k e p t  c o n s ta n t  in d i c a t i n g  th e  p re s e n c e  o f  an  endogenous m echanism . The 
r e s u l t s  o f  th e  p r e s e n t  s tu d ie s  a r e  c o n s i s t e n t  w ith  th e  h y p o th e s is  t h a t  
i n t e r a c t i o n  o f  c i r c a d i a n  n e u ro e n d o c rin e  o s c i l l a t i o n s  and  t h e i r  c i r c a d ia n  
e x p re s s io n s  c o n t r o l  s e a s o n a l  m e ta b o lic  c o n d i t io n s  and  t h a t  m e tab o lism  i s
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r e g u la te d  i n  p a r t  by  a  te m p o ra l i n t e r a c t i o n  o f  c i r c a d i a n  sy stem s (M eier,
1 9 8 5 ). An u n d e r s ta n d in g  o f  t h i s  endogenous r e g u la to r y  m echanism  c o u ld  
have  im p o r ta n t p r a c t i c a l  b e n e f i t s  i n  r e g u la t i n g  g row th  and  r e p ro d u c t io n  
e s p e c i a l l y  o f  e c o n o m ic a lly - im p o r ta n t  a q u a c u l tu r e  s p e c ie s .  We a r e  
d e f i n i t e l y  e x p lo r in g  th e s e  b e n e f i t s .
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